

















































A : Sa ee 
= reas “ ’ teceel - rants <bete mtiees ~ Ran eer 5 Sa 
) : Se ee ee —— . ee 
a eee See eee ee Sea Sean ee 
Seq >) mee Sate 
@ es Seeoeans ae : | | 
@ lv] = ; se - x - 
ee | ee 
=< 3 : = - “ - - 
@ a << . 3 
5 ; “ 
S) 
Z 





Ex AIPRIS 
UNINMASLTACS 
ALBERTALASIS 

















Digitized by the Internet Archive 
in 2021 with funding from 
University of Alberta Libraries 


https://archive.org/details/Vickers1975 


— he wt © iy ae, a 7 


i aed _ 





fy Bal go URN CAV eek jo) We rey OFF, AD Leora ne eek 


RELEASE FORM 


NAME OF AUTHOR Glenn Gibson Vickers 

Toll tere HES lo Diffluence and Cyclogenesis in the Lee 
-of the Rocky Mountains 

DEGREE FOR WHICH THESIS WAS PRESENTED Master of Science 


YEAR THIS DEGREE GRANTED WETS 


Permission is hereby granted to THE UNIVERSITY OF 
ALBERTA LIBRARY to reproduce single copies of this 
thesis and to lend or sell such copies for private, 


scholarly or scientific research purposes only. 


The author reserves other publication rights, and 
neither the thesis nor extensive extracts from it may 
be printed or otherwise reproduced without the 


author's written permission. 





THE UNIVERSITY OF ALBERTA 


DIFFLUENCE AND CYCLOGENESIS 


IN THE LEE OF THE ROCKY MOUNTAINS 


by 
(C) GLENN GIBSON VICKERS 


IN UM SO SNES) 

SUBM PETE DeTOMI UE TE ACULTY OF GRADUATE STUDIES AND RESEARCH 
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE OF 
RASTER OF SCLENCE 
IN 


NETEOROLOGY 
DEPARTMENT OF GEOGRAPHY 


EDMONTON, ALBERTA 


Ole SSMS) 





- 


steunengicy®> owe eee hI Es 


curéommok Pyose Gee ee Ske. Get WE 


o 


chuwoty: neeg rb, Sh gte 


i, J 
i ase ‘ 
r es 
* +i aed ev * 
Ms Sey! tay Pa S wal oe 
i - a ~~ Oe: 
[44 ra We Pee Al i oe ahs 
/~ “5, 
rr , , (oF 
: | ‘T 7 A 
ry 
mn 


OPLOeseean 








THE UNIVERSITY OF ALBERTA 


FACULTY OF GRADUATE STUDIES AND RESEARCH 


The undersigned certify that they have read, and 
recommend to the Faculty of Graduate Studies and Research, 
for acceptance, a thesis entitled "Niffluence and 
Cyclogenesis in the Lee of the Rocky Mountains", submitted 
by Glenn Gibson Vickers in partial fulfilment of the 
requiremerts for the degree of Master of Science in 


Meteorology. 





DEDICATION 


To my Loving Wife and Son 
Whose Encouragement, Support and Understanding 


Have Made This Work Possible 


iv 







ao> fie stl’ Paranal ve OF 





gitaatesehLat Ene yYouseot owe enparneres Goer 


ABSTRACT 


Height readings at 500mb and 700mb were taken along 
SOC monde So OONMelatatudes trom. |. 00°W to. 150°H longitude to 
examine the character of the flow across the Canadian 
Cordillera. The average flow at 700 and 500mb was found to 
be essentially diffluent. The height contours show a 
maxinum spreading at about 120°W, but maximum diffluence of 
3x 10-© sec ~! occurs some 10° farther upstream, near 130°W 


longitude. 


Examination of the synoptic maps of Western North 
America for a fifteen-month period revealed 125 cases of 
lee-cyclone activity. Most of this activity is concentrated 
in three distinct frequency maxima located in the lee of the 
Canadian Rockies. The highest frequencies are associated 
With the Southwestern Alberta Range, the highest mountains, 
the second highest frequencies with the Northern 
B. C. Range, the second highest mountains, and the lowest 
frequencies with the Mackenzie Mountains, the lowest range. 
This suggests that the incidence of lee cyclogenesis is a 


function of the height of the mountains. 


Ninety percent of the 125 cyclones studied were 


associated with only four different types of upper flow. 
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Because the flow patterns change with time, a given lee 
cyclone can be associated with two or more flow patterns. 
The thasi¢e patterns, in .order of importance, are: 1) an upper 
trough with confluence east of the trough-line, changing to 
diffluence further downstream, and the surface cyclone 
usually located at the inflection point some 750km 
downstream; 2) an upper trough with diffluence downstream 
and the surface low situated approximately 600km downstream 
from the trough; 3) an upper trough followed some 1600km 
downstream by a ridge, with the surface low below the 
inflection point, about halfway between the trough and 
ridge; and 4) a diffluent upper ridge with the surface low 
some 300km upstream. The remaining 10% of the cases were 


too diversified to warrant classification. 


Upper wind maxima can play an important part in lee 
cyclogenesis. In particular, the diffluent left exit of a 
wind maximum is the region most favourable for cyclogenesis. 
However, the cyclonic vorticity generated in the lower 
levels as the air mass descends the lee slope of the Rocky 


Mountains is also an important factor in lee cyclogenesis. 


Scatter diagrams were plotted of intensification versus 
diffluence to examine the relationship between the tuo 
phenomena. The results indicate that no simple, one-to-one 


correspondence exists between diffluence and lee 


cyclogenesis. In particular, it was found that diffluence 
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is associated with only 80% of the cyclones -- 50% with 
intensifying cyclones and 30% with dissipating cyclones. 
Confluence is associated with the remaining 20% of the lows, 
10% with intensifying cyclones and 10% with dissipating 
cyclones. The values of diffluence and confluence 
associated specifically with cyclonic development are 
considerably larger than the values of diffluence’ and 


confluence associated with the mean flow. 
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The topography of mountainous regions imposes certain 
retarding and accelerating effects on the air motion, both 
near the surface and in the upper troposphere. In the lower 
levels the orographic features can trap shallow masses of 
cold air, produce variations in received radiation, and set 
up local circulation systems which modify the distribution 
of weather. Higher up in the atmosphere, the effects are 


not so obvious but nevertheless very important. 


It is observed that, on many occasions, the upper flow 
over the Rocky Mountains is from the southwest and that the 
isobaric contours diverge as the air crosses the mountains. 
Since diffluence means divergence of the isobaric contours, 
it can be stated that diffluence is a common phenomenon 
associated with the Rocky Mountains. It is also known that 
the lee of the Rocky Mountains is a preferred place for 


cyclogenesis to occur. 


Since these two phenomena occur at the same place and 
time, it seems reasonable to expect that there might be some 
relation between them. It is the purpose of this study to 
examine the upper flow over the Rockies for an extended 


period to determine whether or not the flow, in the mean, is 
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dViituedteeeParticular cases Jwill\ be® usedettov test’ the 
hypothesis that diffluence and lee cyclogenesis are related. 
It is hoped that a relationship between lee cyclogenesis and 
diffluence can be established empirically through the use of 
scatter diagrams. Lee cyclogenesis and its association with 
ocvographic features will be examined in the light of various 
development schemes proposed and described in’ the 
literature. Only the gross features of the development 
schemes of Scherhag, Petterssen and Sutcliffe will be 
considered. At the present time there is no theory which 
purports to explain all the complexities of cyclogenesis. 
Nevertheless, it is hoped that these theories will provide 
an adequate basis for the examination of the relation 


between diffluence and lee cyclogenesis. 


1.2 Diffluence and Confluence 


While most meteorology books talk about diffluence and 
confluence, they do it in a rather general way. Most auth- 
ors seem loath to define diffluence mathematically or to de- 


scribe it in adequate terms. 


According to Namias and Clapp (1949), confluence is the 


Flowing together of two radically different mid- 
troposphere air streams into the zonal westerlies 
- one stream flowing from warmer southerly 
latitudes, the other from the colder north. 


The pattern producing the flow results from the motion 
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of large scale troughs and ridges in the upper westerlies, 
often leading to waves in higher latitudes out of phase with 
the waves in the lower latitudes. Confluence thereby 
concentrates the energy of the westerlies in fairly narrow 


bands where they attain their maximum speed. 


Confluence results most commonly where a stream of warm 
mid- tropospheric air from the south curves anticyclonically 
and meets a cold cyclonically-curved stream from the north 


cite ges (Gy) Gye) fey) aly aaakepy Spars 





Fig. 1.1 Confluence of warm southerly air (a) with cold 
northerly air (b). Dashed lines are isotherms increasing in 
value from north to south. 


At high latitudes the characteristic mid-tropospheric 
flow patterns involving confluence require different place- 
ment of trough and ridge systems than at low latitudes, and 
usually require low-latitude troughs which are surmounted by 
high-latitude ridges. This results from the differential 


wave motions of the westerlies in different latitude belts. 
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ths A low-latitude trough surmounted by a high-latitude 


prdge.) KR=ridoe, T-trough. 


suciast low pattern is allustrated in’ Fig. 1.2 which shows 
confluence of northwesterly and southwesterly air streams 
AUS Beast= tore the ~trough. This confluence is usually 
associated with an intensification of the mean meridional 
temperature gradient and leads to an increase of the zonal 
winds. To the west of the trough the converse occurs, with 
diffluence of the westerly flow into southwesterly and 


northwesterly components. 


Another basic approach to the concept of confluence and 
diffluence is given by Gordon (1962). He combines the cur- 
vature of a sinusoidal wave pattern with the shear in a wind 
Maximum to show where development of cyclones and anticy- 
Clones is likely. This will be considered in greater detail 


in connection with Sutcliffe's Development Theory. 
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According to Palmén and Newton (1969, p.245), 


ou OV 
confluence is defined by a 0 and were where the 
x y 


x-axis is downwind, the y-axis is perpendicular and to the 


left of the wind direction, and a ; ae are the x= and 


y-—components of the geostrophic wind (see Fig. 1.3). 





Fig. 1.3 Confluence pattern illustrating relative magnitudes 
of x- and y- components of the geostrophic wind. 


This definition requires that the geostrophic wind 
increases in the x-direction for confluence and decreases in 
the x-direction for diffluence. Moreover, the y-component 
decreases toward the x-axis for confluence, and increases 
away from the x-axis for diffluence. Palmén and Newton do 


not consider the relative magnitudes of the two terms. 


- 


Of all the authors, Petterssen (1956) probably treats 
confluence and diffluence most fully. According to Pet- 


terssen, confluence and diffluence refer to the geostrophic 
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wind, or to flow in isobaric channels. The flow is judged 
confluent or diffluent, depending on whether the isobars (or 
contour lines) converge or diverge in the direction of the 
geostrophic wind. Confluence and diffluence must not be 
confused with convergence and divergence of the wind which 
have to do with the accumulation or depletion of air in a 


layer. 


To obtain a definition and a measure of confluence and 

diffluence consider Fig. 1.4. Zo Zoe and Z are neighbour- 
1 2 

ing contours of an isobaric surface. The dashed lines are 


the orthogonal trajectories of the contours, i.e. lines 


which are everywhere perpendicular to the contours. 





Fig. 1.4 Illustrating confluence of the contours and 
geostrophic transport. 


Since the geostrophic wind is inversely proportional to 


the separation of the contours, then 
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The geostrophic transport V, AB must be equal to the trans- 
1 


port across BD since the flow is geostrophic and cannot 


cross the contours. If V* is the geostrophic component 
across BD, then 
VABD = V_AB 
gl 
Clearly, Vs = 0 when the curvature of the orthogonal trajec- 


LOCyeAC Ss ‘ZOLO. 


If the x-axis is along the geostrophic wind and K de=- 
notes the curvature of the orthogonal trajectories of the 
contours, then K is positive if the contours converge and 


negative if they diverge. This is illustrated in Fig.1.5. 


G1 Cie teex-axisecnosen along thes) isobar so that the 
y-axis points in the direction of the horizontal pressure 


force, Petterssen (1956) has shown that: 


2 
eel, aol Wy oad 


axdy n day (ana 





The height Z of the isobaric surface may be used instead of 


the pressure p with the result: 
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Using the geostrophic relationship 
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Fig.1.5 Illustrating the sign of the radius of orthogonal 


curvature K for various isobaric flow patterns. 
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where f is the Coriolis parameter and g is the acceleration 


of gravity, equation 1.2 becomes 





dxdy (1.3) 


which is also a measure of confluence. Note that the axes 
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negative or positive according as the contours converge or 





are chosen so 


diverge. 





-5 Overlay used for the determination of diffluence. 
Latitude = 332kn. 


Since the flow through contour channels is constant, 


oV ; 

a0, Pils teuer tg ceed 

oS ng f oxdy (1.4) 
where s is measured along the contours. Using the finite 


difference grid shown in Fig.1.6: 


I 
= oe (Ze be ct Leashes) 
oxdy H A B C D (1.5) 
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Thus equation 1.4 expressed in finite difference form is 


OV 


anche ee Oe 7s ga ae P 
Teas aA a (Zr Zaet Zeas 25) (1.6) 


The amount of confluence or diffluence can then be de- 
termined by using an overlay such as that shown in Fig. 
ie Ole Numerical values of confluence and diffluence have 


been determined through the use of this overlay. 
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Probably the single most important factor in the cdevel= 
Opment of pressure changes is the divergence. The diver- 
gence is a measure of how much air is entering or leaving a 
column, and thus can be used directly as an indicator of 
intensification. Neglecting small terms, the vorticity 


equation may be written in the form 


> ~ > 
ee ee ey, Vl) (1.7) 
where V is the three dimensional velocity and Q the absolute 
VORLLC LEY. In this form 30/dt may be used as a measure of 


local development. 


The horizontal divergence is defined by 


= + 

H 0S on (1.8) 
Here V is the wind speed; s and n are coordinates in the 
natural coordinate system with s measured along the contours 


and n positive to the left of the wind; a is the wind 
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direction measured anticlockwise from the x-axis. In 
general, it is often possible to replace derivatives and 
finite difference expressions of the real wind V by similar 
quantities anpedned from the geostrophic wind. Thus, 122 
most cases, ON aaa os With negligible error. Combining 
equations 1.4 and 41.8, it can be seen that there is a 


relation between divergence and diffluence given by 


i . 
doZ , V9e. (1.9) 
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The divergence is the residual resulting from the con- 
bination of two quite large terms. Under quasi-geostrophic 
conditions the wind decreases downstream when the spacing 
between contours increases and, conversely, the wind 
increases downstream when the spacing between contours 
decreases. This means that the two terms in equation 1.9 
are of opposite sign and often of nearly the same magnitude. 
Hence it is very difficult to measure the divergence 
accurately. A small error in one term may change the sign 


of the resultant divergence. 


A simple example will illustrate this (Panofsky, 1958 
Ped5,50).) Let the distance between adjacent contours near 
point P (see Fig. 1.7) be 200 nautical miles and the wind 
speed at P be 40 knots. Also, let the wind direction along 
the streamline to the south of P be 2709 and that to the 
north of P be 2809. Finally, let the wind speed be increas- 


ing along the stream at the rate of 10 knots in 300 nautical 
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Two confluent contours showing the wind increasing 
ontours become more confluent. 


Miles. Substituting these values into equation 1.8 give 


OV 


ee =] 
re OES) tale 
Voa ove =] 
male 7 035° hr 
The divergence is thus -.002 hr-!. An error in the 


wind direction of only one degree can reverse the sign. If 
the difference between the two wind directions had been 99 
instead of 10°, the second term would be -.031 hr-!? and the 


net divergence would be positive and equal to .002 hr-!. 


Since winds cannot normally be measured to 1° accuracy, 
EGR S very difficult to use this method for determining di- 
vergence. Other methods for determining divergence are now 
available which do not make use of wind data, but these will 


not be considered in this study. 


As it is thought that diffluence is associated with de- 
velopment it seems reasonable to calculate diffluence by the 
use of equation 1.6 and try to relate this directly to 


development. 
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4 Cyclogenesis 


(i) Early Studies 


The word "“cyclogenesis" has been used by different 
authors to mean different things. .In this study, "cycloge- 
nesis" will be used to indicate both the initial formation 
and subsequent development, if any, of cyclones, i.e., an 
all-encompassing term. If either the initial formation or 


later development is meant, it will be so stated explicitly. 


The basic problem in the formation and development of 
lows is the removal of air from a vertical column. Air 
pressure at the surface is equal to the weight of a vertical 
column of air of unit cross-section extending from the 


surface to the outer limits of the atmosphere. 


J. Bijerknes (1918) was probably the first to introduce 
a realistic model of a low. He noted that extratropical cy- 
clones often appeared at zones of transition between warn 
and cold air masses. By introducing a strict surface of 
discontinuity of order zero with respect to density, temper- 
ature and velocity he considered cyclones as instability 
waves at inclined frontal surfaces. Statici istabriary 
existed because of the density discontinuity and shearing 
instability was produced by the velocity econ The 
baroclinicity of the adjacent air masses was assumed to be 
small. Based on these considerations, J. Bjerknes found 


that the cold air formed a wedge under the warm air with the 
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slope of the surface of separation being about 1:100. (see 


Frq. 1.8); 
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Fig. 1.8 Bjerknes' cyclone model with some modifications 
{after Petterssen 1956, p.216). 


The typical distribution of clouds and precipitation 
could then be accounted for as a result of adiabatic cooling 
of the warm air ascending over the warm and cold fronts. 
Shortly afterwards J. Bjerknes and VY. Solberg (1922) 


modified this model, but the essential v~eatures remained. 


Hypotheses concerning the fundamental mechanism of cy- 
clone development and empirical results of the polar front 


investigations were strongly supported by the theoretical 
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studies of V. Bijerknes (1921). In the polar front theory, 
the mechanism of cyclogenesis is the development of an 
unstable wave on a pre-existing or recently formed front. 
He recognized that the kinetic energy for cyclogenesis is 
obtained from the air mass contrasts across the discon- 


tinuity surface dividing polar from equatorial air. 


From these early works a schematic picture of the gene=- 
ral circulation evolved with families of cyclones occurring 
along the polar front. Little was known of the upper air 
structure at that time, but the few balloon soundings which 
were available supported the early theory that the motion of 
the cyclones was largely controlled by the upper air 


Ppacterns. 


Since a change in atmospheric pressure at a given place 
represents a gain or loss of air from a vertical column, 
theories of cyclogenesis attempted to explain how this mass 
transfer was accomplished. As a consequence of the general 
motion of the atmosphere and of temperature changes in the 
air mass, there are accumulations and depletions of mass in 
the column which to a large extent cancel out, leaving only 
a small residual change in surface pressure. This idea was 
first enunciated by Margules in 1904 when he stated that ‘a 
Sud bUenetedi VeLrgence OL Convergence) (1S Sa smeasure! of) the 
surface pressure change'. Dines (1919) extended this notion 
with the idea that divergence or convergence in the lower 


troposphere is compensated by convergence or divergence in 
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the upper troposphere, a very important concept in cyclone 
development. 


(22) Development Schemes 


The early cyclone theories eventually gave rise to 
several well-known and often controversial development 
schemes. The best known of these are due to Scherhag 
C1954 7193 1)e ds Bjerknes and Holmboe (1944), Sutcliffe 
(1939,1947, 1950) and Petterssen (1950, 1955)... Common to 
all these theories is the idea that pressure change results 
fron renoval OfeatteiOul Zoncallysor vertically £rom the ~ air 


column. 


Sscherhag formulated the divergence theory of low level 
development with the postulate that divergent upper winds 
will produce a fail in surface pressure, if not compensated 
by low level convergence. He emphasized that divergence in 
the upper troposphere is both necessary and sufficient for 
cyclone development. This would suggest that cyclones de- 
velop most frequently in areas where net divergence aloft is 


prevalent. 


Bjerknes and Holmboe (1944) carried out a thorough 
analysis of the motion of cyclones and associated upper 
troughs in a barotropic atmosphere and then tried to extend 
this theory to a baroclinic atmosphere. In the course of 


their analysis they derived the pressure tendency equation, 
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The first term is the pressure tendency at some level 6 a 
the horizontal velocity and w the vertical velocity. Bjerk- 
nes and Holmboe believed that all large-scale pressure 
Changes should be explicable in terms of this equation. 
From this equation they deduced that: 
The wave will travel with such a speed that the 
pressure tendencies arising from the displacement 
of the pressure pattern are in accordance with the 
field of horizontal divergence, 


In other words, the pressure tendency is a direct conse- 


quence of the distribution of horizontal divergence. 


In considering a baroclinic atmosphere, Bjerknes and 
Holmboe came up with the most realistic model of a cyclone 
yet developed. The Bjerknes=Holmboe model is shown in Fig. 


qe 9. 


The usual cyclone of temperate latitudes has closed 
isobars up to 2 or 3km, and wave-shaped isobars in the 
higher levels. The diagram represents a schematic picture 
of the processes which produce the pressure changes in the 
ordinary eastward moving cyclone. In the lower layers where 
the isobars are closed there is horizontal convergence ahead 
of the cyclone and horizontal divergence behind the cyclone. 
Higher up, there is divergence ahead of the trough and con- 
vergence behind. The column at A will gain mass by 


convergence in the lower layers, but lose more mass by 
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: CENTER 


PROPAGATION 


Fig. 1.9 The Bjerknes-Holmboe model of a cyclone. At top of 
diagram, solid contours depict an upper-tropospheric wave 
pattern; dashed lines are simplified sea level isobars. The 
lower part of the diagram represents the distribution of 
divergence in a west-east vertical cross-section. The layer 
next to the surface is the friction layer. (after Bjerknes- 
Holmboe, 1944) 


divergence aloft, so that the pressure will fall ahead of 
the low. The column at B will gain more mass by convergence 
aloft than it will lose by divergence in the lower levels, 


so that the pressure will rise behind the low. 


There is a phase difference between the upper trough 
and the surface center, with the upper trough lagging a lit- 
tle. Because of that phase lag, divergence takes place 
vertically above the central area of the cyclone. If the 
upper-air divergence is strong enough to overcompensate the 


convergence of air at the cyclone center, there will be 
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falling pressures around the low, i.e., the low will be 
intensifying. Deepening is most likely to occur if the 
pressure pattern changes from closed isobars to wave~shaped 
isobars ata fairly LOWeLCVe Loa this eis) | Characteristic sof 
young cyclones. As cyclones mature they develop closed iso- 
bars to higher levels. The level of transition from closed 
to wave-shaped isobars rises as the cyclone develops. 
Although these ideas are some thirty years old, they still 


enjoy wide acceptance. 


Sutcliffe (1939,1947) and Sutcliffe and Porsdyke (1950) 
formulated what has come to be known as the Sutcliffe Devel- 
opment Theory which stressed the importance of the vertical 
wind shear in the development of cyclones. Sutcliffe 
applied the vorticity changes in upper and lower levels to 
the determination of divergence, where the compensating 
values of divergence in the lower and upper troposphere give 
a measure of vorticity change. Development is then ex- 
plained in terms of the geometry of the thickness pattern, 
with the 1000 to 500-mb thermal wind field indicating the 
vertical variation of vorticity transport. Development 
fields associated with thermal troughs and ridges, and 
confluence and diffluence patterns are of particular 
interest. These patterns and Petterssen's development 


theory will be considered more fully in Chapter 2. 
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The conditions favourable for the formation and inten=- 
sification of cyclones have been noted above. In the lee of 
the Rocky Mountains conditions favourable to cyclogenesis 
must be created and enhanced by the extensive massif of the 
mountains itself. It is well known that the mountains can 
interfere with the flow of air in many ways and on all 
scales of motion. It was originally thought that the effect 
of a barrier on the air flow decreased with height, as shown 


poe Eas 1.10(a) below. However, Queney (1948) theoret- 





(a) (b) 


Fig. 1.10 (a) Assumed decrease of the effect of the mountain 
barrier with height, (b) Queney's prediction of the effect 
of the mountain on the upper flow pattern. 


ically predicted an area of horizontal convergence in the 


lee of the mountains, produced by a flow pattern shown 
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schematically in /Fig.- 1.10 (b). 


Hess and Wagner (1948) checked Queney's predictions by 
doing an analysis of isentropic surfaces over the Rockies. 
They found that the isentropic surfaces were crowded over 
the peaks of the mountains and more widely separated in the 
lee. Moreover, there was a nodal surface in the mid- 
troposphere and a reverse configuration above it. This is 
Similar to what Queney had predicted. Near the mountains 
there is descending air in the lee below the nodal surface 
and ascending air above it. The downward motion corresponds 
to low level convergence while the upward motion corresponds 
to high level divergence. This is a situation favourable to 


the formation of lows. 


The presence of-a lee trough is also conducive to 
cyclogenesis. In the mean there is a trough in the lee of 
the Rocky Mountains. This may be explained on the basis of 
the potential vorticity equation 


jPae xe 
D 





= constant (ieeial) 


where £ is the Coriolis parameter, q is the relative vorti- 
city and D is the depth of the column of air crossing the 


mountains. 


Consider a straight, broad current of air ascending the 
Slope of a north-south mountain range from the west. As it 
ascends, it undergoes horizontal divergence and vertical 


shrinking. Since f is initially constant, this leads to a 
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decrease in relative vorticity, so that (£ + q)/D may remain 
constant. The decreased vorticity means anticyclonic 
curvature of the flow and a wind component from the north. 
Once the column passes the mountain ridge and begins to 
descend, it stretches vertically and converges horizontally, 
thereby increasing the relative vorticity once nore. At 
this point the variation of the Coriolis parameter f with 
latitude will tend to change the absolute vorticity. The 
air is travelling southward and the decrease ah ihe Coriolis 
parameter must be compensated by further increases in rela- 
tive vorticity. The increasing cyclonic curvature turns the 
current northward again, thus completing the formation of a 


lee trough. 


Hess and Wagner (1948) indicate that the development of 
lee cyclones is intimately connected with nigratory lows 
from the Pacific. One effect of lows entering from the 
Pacific is to increase the flow over the mountains and 
thereby cause intensification (increasing the amplitude) of 
the standing lee trough. Another effect is that a the low 
passes over the Rockies the pressure falls. The combined 
effect of pressure fall and intensification of the lee 


trough by increased upper flow can produce lee cyclogenesis. 


Colson (1949, 1950) developed a theory of air flow over 
a mountain barrier and solved the equations numerically. 
Colson found that a lee pressure trough existed between 90°W 


and 100°W longitude, which agrees with observation. 
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Petterssen (7956) found distinct frequency maxima of 
cyclogenesis in both winter and summer, to the east of the 
Rockies in Alberta and Colorado. A study of orographically 
influenced lows associated with intense upper cold lows 
during summer was done by Hage (1961). Palmen and Newton 
(1969) summarized the results of case studies by Newton 
(1956) and McClain (1960) to give a good explanation of the 


formation and development of lee cyclones. 


Consider the diagrams of Fig. 1.11 (a-d). Palmén and 
Newton (1969) describe the process of lee cyclogenesis as 
follows: 


iypicallyjamat. the istage ” of “Fig. .4.11a, a well- 
developed frontal cyclone is approaching the west coast; 
an anticyclone overlies the plateau region. Some time 
before the frontal system enters the west coast (at 
which time ‘the Pacific cyclone rapidly fills), surface 
pressures will usually have begun falling in the lee of 
the mountains. This occurs in response to adiabatic: 
warming, Owing to westerly or southwesterly winds with a 
component down the lee slope. At the time of 
Fig. 1.41b, a thermal ridge will normally have begun to 
form in the lee of the mountains, with a deepening sea- 
level trough that, in some cases, is already of moderate 
intensity at this time. 


Formation of this trough is commonly under way when 
the upper-level ridge is still somewhat to the west. 
Thus, during the initial stages at least, the vorticity 
change in upper levels may act against sea-level 
development. 


Wgletey ie bed on Memes 2ni/ tendency equation applied to an isobaric layer 
h is 


a oe an g v2 oh 


Seed tat at (1.72) 


where qo is the relative vorticity at a lower level and q, 
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EUG-eesssme Neehi stony, oly anlee,»cyclogenesis .4Ss- traced on 
these consecutive diagrams. The maps are approximately at 
12-hr intervals. 1000-mb contours are solid and 500-mb 
contours are. dashed. Shading represents, in simplified 
form, the general region where terrain is higher than 1500n, 
including interior basins where the terrain is lower. Upper 
trough line dash-dotted; ridge line, zigzag. (From Palmén 
and Newton (1969) ) 


is the relative vorticity at an upper level. Palmén and 
Newton (1969) go on to describe the process as follows: 


In terms of equation 1.12, the increase of sea- 
level geostrophic vorticity is due to generation of the 
warm tongue in the lower troposphere east of the 
mountains. This is in harmony with an increase in the 
VOELiCiLyY Ob the ys réeal) wind) in» low levels, “due to 
vertical stretching as the air descends the slope at the 
surface, with weaker descent higher up. 


The process of generation of a lee trough continues 
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as long as the low-level winds have a component down the 
mountain slope. East of the trough, there is warm 
advection (indicated by the crossings between 1000-mb 
and 500-mb contours). Hence the air warmed by descent 
spreads eastward and the lee trough broadens 
(Fig. 1.11c), while the orographically caused pressure 
falls eventually diminish when cold advection to the 
rear compensates the warming due to descent. At this 
stage, the upper-level ridge will have moved east of the 
lee trough, and positive vorticity advection aloft will 


have started to contribute £60 "further cyclonic 
development. As the upper-level trough advances 
eastward, low-level convergence in response to 
increasing upper-level divergence intensifies the 


vorticity in low levels. Rapid low-level development 
normally continues only until the surface cold front has 
moved into the lee trough. At this time, the orographic 
contribution to development stops abruptly, or reverses, 
owing to a shifting of surface winds to northwest with 
cessation, of surface downslope motion. As a result of 
the development itself, the region of orographic 
production of low-level vorticity is transferred to the 
south side. This largely accounts for the commonly 
observed movement of such cyclones with a component 
equatorward across the upper-level "steering" flow, 
until they have moved far enough eastward to be free of 
orographic influences. 


The overall process is one in which vorticity is 
generated in the low-level lee trough, which is held 
fixed to the eastern Slope, and is finally overtaken by 
the divergence region aloft as the upper-level trough 
approaches. 

A combination of the meridional extent of the wester- 
lies in low-levels and upper divergence determine where the 
final intense cyclogenesis will occur, with the main diver- 
gence generally occurring somewhat north of the jet strean. 


After the stage of Fig. 1.11d, the lee cyclone develops by 


the normal cyclogenetic processes. 


# 


Bosart (1970) attempted to relate diffluence and con- 
fluence to the vertical circulations which produce cycloge- 


nesis. He used equations derived by Miller (1948) to 
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express the rate of frontogenesis or frontolysis as a func- 
tion of (among other things) the horizontal confluence or 
diffluence. He noted that, as frontogenesis progressed, the 
contribution from confluence reached a maximun throughout 
the baroclinic zone. AS air moves through the baroclinic 
zone, it is undergoing frontogenesis in upstream regions and 
frontolysis in downstream regions. The horizontal variation 
of vertical velocity normal to the flow, with the strongest 
subsidence on the warm boundary is associated with early 
intensification. This effect is reversed as time goes on, 
but a strongly confluent west-southwesterly flow helps to 


maintain the intensity. 


Eliassen (1962) used quasi-geostrophic theory to obtain 
humerical results from a baroclinic zone over Europe. He 
implied that diffluence and confluence are associated with 
thermally indirect, and direct transverse circulations, re- 


spectively. 
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Geostrophic winds are calculated using the tacit as- 
sumption that the pressure-gradient force balances the Ecos 
riolis force in the equations of motion and no other forces 
act. If atmospheric flow were truly geostrophic, there 
would be no lows and no highs, and the pressure itself could 
not change. This can be readily demonstrated in the 


following manner: Consider the hydrostatic equation in the 


forn 


dp = - gpdz (2.1) 
If this expression is integrated from some height Zz 


throughout a vertical column in the atmosphere then 


(oe) 


aS / godz 


i (Zee) 
Taking a mean value g for the acceleration of gravity, and 
differentiating with respect to time t, the local pressure 


change is 


(2. 3) 


Using the continuity equation in the forn 


Vs 
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- 56 = = (pu) ans 5, (ev) + = (pw) (2.4) 


and substituting for the local density change in equation 


2.3 gives 


oo (ee) 


la a/ 8 g g : 
= = -g — (ou) + se (ov) czar a/ =~ (pw) dz 
at é ox dy : 02 (es) 


where u,v,w are the x, y, and z components of the wind vel- 
ocity, respectively. The two components of the geostrophic 


wind equation multiplied by the density are 


4 


ee P 

Pa he fF dy (2.6) 
2 ial 

feg f Ox (227) 


Differentiating the first equation with respect to x, the 


second with respect to y, and substituting in equation 2.5 








leads to 
dp gq a2p a2p 4 
aie ee) ene TEN ooeen = + 
ot a | axdy  dxdy dz + g (ow), (25) 
vA 
Whence 
oe ea 
foe. eye hd 


Since, at the surface of the earth, w=0 at z=0, then 


anaalhde (2.9) 
and there can be no change in surface pressure with geostro- 


phic flow over a level surface. (Note, however, that w# 0 
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at Z = Q in mountainous terrain and, in general, over 


Sloping surfaces.) 


According to Eliassen (1962), pure geostrophic motion 
is incapable of producing vertical wind shear, and cannot 
generate jet streams. For these phenomena, vorticity pro- 
duction is necessary which, in turn, requires convergence 


and vertical motion. 


One solution to the problen of atmospheric pressure 
change is to assume quasi-geostrophic flow; under such 
conditions divergence can occur. By requiring quasi- 
geostrophic flow and hydrostatic balance, wind shear and 
temperature changes can be brought about by (1) geostrophic 
advection of vorticity and temperature, and by (2) vertical 


motions with the associated divergent winds. 


Using the quasi~geostrophic assumption, Sutcliffe was 
able to produce a useful theory for the development of highs 


and lows. 


Sutcliffe (1947) stated that the divergence of the 
thermal wind V' will, in general, have the same horizontal 
distribution at all heights. The value of (-y-V') at 500mb 
will be similar to the field of divergence at the surface 
angwaewill, stheretore, @ give \sauerecasonablepseestinaterof the 


development at the surface. 
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Divergence in the upper atmosphere is associated with 
positive vorticity advection, and favours cyclogenesis. 
Convergence occurs with negative vorticity advection and 


favours anticyclogenesis. 


The thermal vorticity term of Sutcliffe's Development 
Equation may be divided into a component due to curvature 
and a component due to shear. These components may then be 
applied to various thickness patterns. The following 


abbreviations will be used: 


4 


Ac - anticyclonic vorticity due to curvature 
As ~ anticyclonic vorticity due to shear 
Gens cycionre Were eens due to curvature 

Cs = cyclonic vorticity due to shear 


Let us consider a simple Sinusoidal thickness pattern 
(Fig. 2.1) of equidistant lines having curvature but no 


shear. 


Cyclonic vorticity increases (Cc) as a result of 
increasing cyclonic curvature from ridge to trough (A to B), 
and anticyclonic development is a maximum at the point of 
inflection. Between trough and ridge (B to D) the cyclonic 
vorticity decreases (Ac) due to decreasing Cyclone 
curvature and cyclonic development predominates. Hence the 


general rule that cyclonic development occurs ahead of a 


i 


eee) joineseear 2) 
re as ' 1 »2% a 














i even SL IF77 OF ea way,» 
‘eaetiagn 


Eiae> “ude dart, Bl are ‘Hit shee oe tabigae 


2 7 


é : 
cbisaw yd” EIN “ari rs 


Ge a a 
roze ITD’ OF ‘pol ‘er! ites Anta joe ad ll 





ree eee gt a ake as 


. | - 
B tied » a? Gon doe aha - a - 
wee ie 


% es 5 70 ‘ mae Pes | TOF a tndticies ™ Pra re 


- - " 7 
a ae 


pret i jija Sigale Ss in hseaow «0, Sad . 
Sndtct aual sis} ss Be rea 





do% tive: bo ‘An AD oan gpa Okt. $8 sd 


= 


my Bove) pa aad fai ee uae ee ff 
is make ' re re me 


. 3) wrt) 
hie ap “sr 


SA 





Fig. 2:1 A sinusoidal thickness pattern having curvature. 
cold trough, and anticyclonic development occurs behind a 
cold trough but ahead of a warm ridge. Now consider a 


thickness pattern with shear but no curvature (Fig. 2.2). 
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Fig. 222 A thickness pattern having shear. 


This pattern approximates conditions at a jet maximum. 
It must be noted here that a negative shear makes a positive 
contribution to cyclonic vorticity. At the left entrance to 
the jet, cyclonic vorticity increases downstream because of 
increasing cyclonic shear, and anticyclonic development is 


favoured in this region. At the left exit the cyclonic 
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shear decreases, and so cyclonic development is likely to 
occur. On the right side of the pattern the development 


areas are reversed as shown in the diagran. 


Curvature and shear may, of course, occur together. 
Such patterns are then said to be confluent or diffluent, in 
the manner defined earlier in Chapter I. The principal 
features of confluent and diffluent troughs will be meena 


ered here in terms of curvature and shear. 





WARM 


3 A confluent trough in the thickness pattern. 


The entire pattern in Fig. 2.3 can be considered as the 
entrance to a wind maximum with increasing cyclonic’ shear 


(Cs) on the left and increasing anticyclonic shear (As) on 
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the right. Thus anticyclonic development is likely on the 
left while cyclonic development is favoured on the Tights 
Also if curvature wioue is considered, the entrance area has 
increasing cyclonic curvature upstream fron the trough and 
decreasing cyclonic curvature downstream from the trough. 
Thus anticyclonic development due to curvature is preferred 
upstream from the trough and cyclonic development due to 


curvature prevails downstream from the trough. Where shear 





Fig. 2:4 A diffluent trough in the thickness pattern. 


and curvature reinforce each other development is likely to 
take place. In the diagram anticyclogenesis (A) is favoured 
at the left entrance while cyclogenesis (C) is likely at the 


Eight .exit. 
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Similar reasoning can be applied to other combinations 
of shear and curvature. These are illustrated in EA Gees 4 
COGe¢—. Ce eri g. 2.4 3shows a diffluent thermal trough. By con- 
sidering the individual contributions due to shear and curv- 
ature, the reinforced areas are as shown, i.e., anticyclonic 
development at the right entrance and cyclonic development 


at the left exit. 


Fig... 92 <5 shows a confluent thermal ridge. The 





Fig. 2:5 A confluent ridge in the thickness pattern. 


individual contributions show that the left exit is the 


favoured area of anticyclogenesis while the right entrance 
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is the preferred area for cyclogenesis. 


Fig. 2.6 shows a diffluent thermal ridge. ieee is 
situation, cyclogenesis is favoured at the left entrance and 


anticyclogenesis is likely at the right exit. 


COLD 





This then is the basis of Sutcliffe's Development The- 
ory applied to thickness patterns. The preferred aces of 
cyclogenesis and anticyclogenesis are as indicated in Fig. 
2.3-2.6. Riehl et al (1954) applied Similar reasoning to 
streamlines and found that the preferred areas for cyclone 
intensification and dissipation are exactly the same as for 
the thickness patterns. Therefore, some relationship should 
exist between diffluent contours and lee cyclogenesis. It 
is one of the objectives of this study to test this 


hypothesis. 
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The Petterssen Development Scheme is an extension of 
Sutcliffe's work with emphasis on the development mechanisn. 
In 1955, Petterssen derived the so-called development 


equation which can be written as: 





2 reared = A See e oA +S +H (22.10) 


where OF is the absolute vorticity at 1000mb, ae is the 
VORtICILYy advection» at the level of nondivergence, AL is the 
thickness advection in the layer from 1000mb to the level of 


nondivergence, S is the stability, and H is the heat. 


The development at sea level is then due to the 
inbalance between the vorticity advection at the level of 
nondivergence and the Laplacian of the thermal components 


Beandes. 
Als 


Using equation 2.10, Petterssen (1956) formulated a 
hypothesis which states that: 

Cyclone development at sea level occurs when and 

where an area of appreciable positive vorticity 

advection in the middle and upper troposphere 

becomes superimposed upon ae sSslowly-moving or 

quasi-stationary frontal zone at sea-level. 

his rule was tested empirically on a large number of 

cases of cyclogenesis in North America by Petterssen, and 


later by many authors and forecasters. The tests confirmed 


that almost all cyclogenesis at sea-level occurs in advance 
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of an upper trough, under an area of divergence and positive 
vorticity advection in the upper troposphere. This rule 


will also be considered in Chapter 4. 


According to Petterssen (1956), the vorticity advection 
oe) is important in finding preferred areas of cyclogenesis 


and anticyclogenesis. The absolute vorticity Q is given by: 


Ny | (ean 


This equation may be applied to contour patterns. The 


vorticity advection a is given by: 


OK 
A ek ay (2.12) 
q ds 
where s measures length along the contours. Although the 
Shear can be quite large, it doesn't normally vary a great 
deal along the streamlines! and so here is omitted. The va- 
ciation of the Coriolis parameter with latitude is not con- 
sidered. In Chapter I, it was shown that 3V/ds , a measure 
of the confluence or diffluence, may be written as VK. where 


K is the orthogonal curvature. Hence the vorticity advec- 


tion is 


(e513) 
Since the vorticity advection is propo tional to the square 
of the wind velocity, large values of advection should be 


— rma ee eee 


1 This is not true where a strong current splits into two 
branches. These cases are easily identified and the 
variation in shear can then be included. 
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found near wind maxima and jet streams. 


In a situation where streamlines are sinusoidal and pa- 
ralley, aK _/9s is negative downwind and positive upwind from 
ae Oud hari has a numerical maximum at the inflexion point 
halfway between the trough and ridge, K is small every- 


where. 


The effects of confluence and diffluence ina sinusoi- 
dal pattern can be seen in Fig.2.7. The vorticity advection 
is concentrated near troughs and ridges which have confluent 


entrances and diffluent exits. 


In Fig 2.7a, as the ridge is approached, the flow be- 
comes more anticyclonic, i.e., K. becomes more negative and 
hence dK /8s < One K PUL nd Si 0 and so there is posi- 
tive vorticity advection upstream from the ridge. Since K 
tends to have its largest value here and dK_/9s goes through 
its largest change, the maximum value of vorticity advection 
is just upstream from the ridge. Flow out of the ridge 
increases the value of K. and hence dK _/os > OG K <0, while 

Sale O and there is negative vorticity advection down- 
stream from the fridge. Thus cyclogenesis is favoured 
upstream from the ridge and anticyclogenesis is favoured 
downstream from the ridge. Petterssen notes that the 
decrease in curvature in advance of the trough (-ak_/3s ) is 


usually the dominant term here. 


Similar reasoning can be applied to Fig 2.7b to show 
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Fig. 2.7 Trough-ridge patterns combining curvature and shear 
to give a confluent ridge (a) and a confluent trough (b). 
(adapted from Petterssen, 1956) 


that anticyclogenesis is favoured upstream from the trough 


and cyclogenesis is favoured downstream from the trough. 


2:4 Upper Air Flow and the Jet Strean 


At the same time that work was proceeding to explain 
surface pressure systems, theories to explain the upper flow 
patterns were being devised. One of the first of these was 


due to Rossby (1939). He used the simplifying assumptions 


et 


pi * 
= 
i a’ = 
’ ’ 
al a % = 
2 ‘ @ 
~y 
7 eo ae’ 





\ be 
\ : 
bee 
ray: 
cs a ‘ ! 
- . we 
i As 
4 \ 
’ S ‘* 
Ody 
i 
’ ; a ry eon. Ss oP, Vy o--fhi) 1admee 


: invour: ’ pase ; de) 6) (ROA 4 Seas oa 2 


1328 , a 2 eae ao74:' 
: : > a 


imnrocrs i. * imewagy Ve nv at. wi ka os) 









r) _ 






; “ " : 
‘i wath ataiinayed Seyieres, “th =} dp ern ot 
: : = 
rl 


40 


of homogeneity and incompressibility in a barotropic 
atmosphere together with the conservation of vorticity 
principle to derive what is known as the Rossby Wave 


equation: 


ieee : (2.74) 
where U is the zonal wind, C is the speed of the pattern of 
wave length L and g is the variation of the Coriolis 
parameter with latitude, i.e. the Rossby Parameter. 
Although this equation was derived using rather restrictive 


assumptions, it still has many useful applications. 


The. first theoretical investigation of baroclinic waves 
Was carried out by Charney (1947). He assumed an undisturb- 
ed westerly current which increased with height. The ten- 
perature decreased towards the pole and linearly up to the 
tropopause, Isothermal conditions prevailed in the eeerose 


phere. 


These assumptions lead to equations which produce mete- 
orologically significant waves. The ridge and trough lines 
tilt westward with increasing altitude, upward motion is 
found ahead of the trough, downward motion behind it. Low- 
level convergence is surmounted by high-level divergence 
ahead of the trough and the reverse occurs behind the 
trough. For sufficiently long and short waves, Charney 
found that amplification was not possible but for waves of 


intermediate length, amplification was possible. These 
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intermediate length waves are typical of those found in the 
latitudes of the westerlies. Charney showed that the 
prevailing westerlies are in a region of continual 


instability. 


Another important study was carried out by Namias and 
Clapp (1949). They detailed a mechanism which would explain 
the presence of jet streams. This mechanism was the conflu- 
ence of two radically different mid=-tropospheric air 
streams, one from the warmer south and one from the colder 
DOG me Luce louppatleruseweresasresult, of = the “differing 
rates of motion of large-scale troughs and ridges in the 
upper westerlies. Namias and Clapp pointed out that: 

Confluence thereby, concentrates energy (of the 

westerlies) in fairly narrow bands where the peak 

speed of the westerlies is reached. 

It will be recalled that Fig. 1.1 shows a confluent 
zone with the axis of confluence at the center. This 
corresponds to Bergeron's hyperbolic deformation field which 
leads to kinematic frontogenesis. Hence frontogenesis can 


be associated with jet streams. 


Palmén and Newton (1969) indicated that upper-level di- 
vergence and convergence associated with waves in the atmos- 
phere are most pronounced in regions of strong winds. Since 
lows and highs are characterized by appreciable divergence 
and vertical motion, one would expect them to show an 
affinity for jet streams. Riehl (1948) found statistically 


that intense cyclogenesis occurred along the front 
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associated with a jet strean. If a jet stream was not 
present, the cyclogenesis was not as intense, or did not 


occur vat alls 


Riehl and Teweles (1953) found a definite relation be- 
tween surface cyclones and jet streams. They note that: 
When jet stream, long wave pattern and low 
tropospheric disturbance coincide in a favourable 
sense, ensuing cyclone developments will attain 
the greatest intensity. 
The favourable conditions include the presence of a cold 
dome (not necessarily very close to the surface low) and 
that the low is located downstream from the maximum winds on 


the left-hand side of the jet core where the wind is 


decelerating (see Fig. 2.8). 


Referring to Fig.2.8, Godske (1957) renamed the 


entrance region the ‘confluence' and called the exit region, 


the ‘delta’. The area where the flow changes from 
confluence to diffluence may be considered the ‘point of 
Pe veGtToOnt. ReCOLGd Gamet OmeCOCSKC, mdm LOW RinittalayerlOrns 


under the confluent zone, is steered downstream by the upper 
current and may undergo intensification on reaching the 


diffluent area of the flow pattern. 


Reiter (1963) found that the maximum of divergence 
OCCUrred at the jet—stream level. in Fig. 2.8,5 a maximum ort 
eyclonicmvorticitys (+) @salocated, tothe northeyoteythe tget 
and a minimum of cyclonic vorticity (0) is located to the 


south of the jet. By considering the vorticity equation 
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Fig. 2.8 The entrance and exit regions of a wind maxinun 
showing isotachs and absolute vorticity isopleths. The 
favoured areas of divergence (DIV) and convergence (CON) are 
also indicated. (adapted from Reiter, 1963, p.136). 


(1.7), preferred areas of divergence and convergence can be 


found. Rewriting equation 1.7 in the forn: 


it can be seen that in quadrant I, VQ < 0, which means that 
*. are ° 
divergence (DIV) V-:V > 0, is expected here. Another way of 


saying this is that positive vorticity advection indicates 
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divergence. Similar reasoning can be applied to the other 
quadrants to give the indicated distribution of divergence 


and convergence. 


Reiter noted that the divergence and convergence areas 
to the south of a jet are not nearly as well-defined as 
those to the north and thus the development to the south of 
the jet is not as marked as the development to the oer he 
Fig. 2.8 shows the low at the left exit of the jet which is 
the favoured position for cyclogenesis. It is one of the 


aims of this study to check these criteria. 


It is generally agreed that orography plays an impor- 
tant role in the initial phases of lee cyclogenesis and that 
the vorticity advection is an important factor during the 


period of cyclone intensification. 


The work of investigators of mountain waves seems to 
suggest that situations conducive to. the production of 
synoptic—scale mountain waves are also favourable for lee 
cyclogenesis. Queney (1948) found alternate zones of 
Sreetehing fiand sisivinkingeminesthedeleegrofeta elarge broad 
mountain range of size comparable to the Rockies. If strong 
vertical stretching with enhanced cyclonic vorticity 
production occurred downstream, one could expect a trough or 
a weak cyclonic development in the lee of the barrier. 


These studies also tend to support the view that for the 
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formation of mountain waves the air flow across the 
mountains must be essentially perpendicular to the ridge and 
move with considerable speed and in depth. Colson (1949) 
developed a theory for flow over a mountain barrier, 
numerically solved the equations and found that a lee-pres- 
sure trough exists between 90°W and 100°W longitude, in 
agreement with the observed position. A three-dimnensional 
view of a low pressure system would normally show that the 
vertical axis of the cyclone slopes from east to west. ee 
the region of the upper wave was considered to be an area of 
cyclogenesis then the maximum surface cyclone activity would 


be further downstrean. 


Polster (1960) carried out an extensive study of the 
relation between confluent and diffluent flow, and the for- 
mation and development of surface cyclones in the Atlantic 
and Western Europe. Polster observed that 73% of the cases 
of deepening cyclones were found under diffluent upper 
contours, predominantly ahead of upper troughs. The 


res 


remaining cases of developing cyclones occurred beneath 
parallel or confiuent flow aloft. Although initial wave 
formation took place in about one-fifth of the cases under 
confluent flow aloft, subsequent development was a rare 
event. Polster also noted that (a) the leading side of 
diffluent upper troughs favours deepening and (b) the 
leading side of confluent upper troughs favours the 


formation of new surface lows. This work covered nearly one 


thousand cases and the results would appear to be quite 
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Significant. 


Chung (1972) carried out an examination of the case hi- 
StOLyenoOt dviferent types of lee cyclones. He noted several 
factors relating orographic features, diffluence, and lee 
cyclogenesis. Among these are (a) that an orographically- 
intensified flow diffluent in mid=tropospheric levels 
superimposed on low-level convergence and orographic owen 
favours the initial formations of lee cyclones, and (b) that 
changes in the 500-mb flow patterns were more significant 
and indicative of impending lee cyclogenesis than any other 
evidence of flow change. Chung also found considerable 
agreement with his cases and the classical development 


theories of Petterssen and Sutcliffe. 


It is hoped that this study will extend some of the 
work of Chung, particularly as it relates to diffluence, 


orography and lee cyclogenesis. 
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The principal aim of this study is the examination of 
lee cyclogenesis as it relates to diffluence in the upper 
air. A secondary goal is the investigation of lee cyclones 
to determine how well the previously discussed development 
theories apply to synoptic situations in the region of the 
Rocky Mountains. Lee cyclogenesis was considered to have 
taken place if either of the two following phenomena 
occurred: (1) a cyclone formed east of or in the Rocky 
Mountains between southern Montana and the mouth of the 
Mackenzie River; (2) a low from the Pacific crossed the 
Rocky Mountains and redeveloped in the lee of the mountains. 
The area covered by this study is located approximately 
between 40°N and 70°9N latitude and between 80°W and 150°W 
longitude. On occasion these boundaries were extended as 


necessary to suit a particular situation. 


22 uD SS => ay ose Sp ose o> om wee TUS IS OD OR? ES SD OTD 


The Rocky Mountains may be considered to be made up of 
four major ranges. From north to south, they are the 
Mackenzie Mountains, the Northern British Columbia or 


Cassiar Range, the Southwestern Alberta Range and the 
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immense American Rocky Mountain block made up of several 


ranges extending through Wyoming and Colorado. 


Three major passes cross the Rocky Mountains. They are 
located at the Alberta - Montana border, west of Dawson 
Creek, De Cara nd near Watson Lake, in the Yukon, 


respectively. 


The Mackenzie Mountains, the smallest of the major 
ranges, has peaks over 2.7km high, although their mean 
height is considerably lower. The broad B.C. Range has 
peaks over 3.0km high and a mean height of about 1.5km. The 
Southwestern Alberta Range has a wide expanse of peaks over 
3.0km high and is probably the most important topographical 
feature in this study. To the west of the Southwestern 
Alberta Range are the Columbia Mountains with peaks over 


3.5km, and a mean height of over 1.5km. 


The American Rocky Mountain Chain, while very important 
with respect to cyclogenesis of Colorado Lows, is outside 
the area of interest of this study and will not be 


considered further. 


Alaska has a great deal of high terrain, including the 
highest peaks in North America. The principal ranges are 
the Brooks Range in northern Alaska anu the Alaska Range in 
the south. The Brooks Range runs east-west and the Alaska 
Range is oriented southwest to northeast. Possibly because 


of their east-west alignment, the Alaskan mountain ranges 
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interact strongly with crossing weather systems. Hence it 
asyottene very. difticult to «track “migrant lows through 
Alaska. Because of their irregular motions, the positions 


of lows are difficult to fix and often in doubt. 


It has long been recognized that synoptic-scale air 
motions do not follow the complex, individual topographical 
features (e.g. V. Be yerknes Steal eu) but we tend eee 
to follow a "smoothed" terrain. Hence a smoothed terrain 
profile is desirable for the consideration of mean motions 
across the massif. A smoothed topography of Western North 


AMerICa  mpLepaLedsby ochram 9(1974)),sis shown in Fig-3-0. 


3:3 Mean Motions and Lee Cyclogenesis 
Petterssen (1956) has published maps of the frequency 
of cyclogenesis for the northern hemisphere. These maps 


Show that the lee of the Sierra Nevada, the Colorado and 
Alberta Ranges are all preferred areas of cyclogenesis, both 
Summer and winter. On many occasions the flow across the 
Rockies is from the southwest i.e., perpendicular to the 
mountain range, and appears diffluent. One of the major 
premises of this study is that there should be a 
relationship between these two facts of observation, both in 


the mean and for particular cases. 


To examine this premise, height data were taken along 
the 35°9N and 55°9N parallels of latitude between 100°W and 


150°W longitude. This area was considered sufficiently 
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Fig. 3.1 Smoothed terrain height contours of Western North 
America. Heights are in meters. (abter Schram, 1974). 

large to show up any deviations in the flow due to the 
Rockies. If the difference in height between 35°N and 55°N 
is less over the mountains than over the Pacific Ocean and 
the Prairies, then the geostrophic wind equation indicates 
that the flow speed is also less over the mountains. The 
height data were abstracted from 700-mb and 500-mb maps’ for 


the years 1959 and 1960. The results of this analysis are 
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the maps shown in Figs.3.2 and 3.3. For both levels it is 
seen that diffluence does occur over the mountains with a 
maximum Spreading of contour lines at about 120°W longitude. 
The mean lee trough is beginning to show up between 90° and 
100°W longitude. It is realized that the winds between 35°N 
and 55°N are not uniform and thus drawing equi-spaced 
contours is an , oversimplification. Nevertheless the 
diagrams do show that diffluence does exist with mountains 


PLesSent. 


Using these data a mean value of diffluence at 500mb 
was calculated. With the data at 140°W and 130°W longitude, 
thesdi Ei lucnce wasecalculated to be. -3X10-S sec=1, These 
two longitudes were chosen because they produced a maximun 
value of diffluence for air crossing the mountains. A 
slightly smaller maximum value of confluence (2x10-6 secu1) 
was Calculated on the eastern slope of the Rockies between 


110°W and 100°W longitude. 


Petterssen's maps of cyclogenesis frequency indicate 
that lee cyclogenesis occurs in Western Canada summer and 
winter. It was necessary, therefore, to study cases 
throughout the year. The principal synoptic charts used 
were the surface and 500-mb charts prepared by the Edmenton 
Weapher Office. Initially it was thought that the maps for 


1959 would comprise a reasonable basis for this study. 
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After analysis of the first “three months' data, it was 
realized that the 500-mb analyses were subject to certain 
discrepancies based on the analysts' ability, experience, 
and other ner eone fActous. It became clear that 500-mb 
objective analyses would have to be used to obtain more 
consistent data. The maps used for the main part of this 
study were the CMC "Complete" 500-mb objective analysis and 
surface analysis supplied by the Edmonton Weather Office for 


Pioepe oe meLOnmNavanise | J sm EOunvET tl 650,107 4. 


A lee, cyclogenesis was first identified on a surface 
Map and then its history was traced backwards and forwards 
Oieecousccuctve —O-NOUrly Synoptic, Charts.) Concurrently, the 
history of the 500-mb” circttlation associated with the 
surface feature was recorded with particular emphasis on 


diffluence aloft. 


The following criteria for the existence of lee 
cyclones, adapted fron Chung (19 72)%, were applied 
consistently to low pressure systems appearing in the lee of 
the Rocky Mountains: 

i. A low pressure center was present if the center was 
enclosed by at least one isobar on a surface map drawn at 
four-millibar isobar intervals. 

ii. The closed isobar demarcating the low had to persist 
for a period of at least 24 hours on a set of consecutive 
charts. 


For the 15—-month data sample considered, 125 cyclones 
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55 
satisfied these criteria and were investigated more fully. 


The central pressure of a cyclone does not by itself 
give a true indication of the intensity of the circulation 
about a low. A more realistic measure can be obtained by 
considering the intensity as defined by Petterssen (1956). 
He defines the intensity as 
Pye Bot Pa Pn = Ap 

42 
where V* is the horizontal Laplacian operator, p is the sea- 
level pressure, H is the grid interval and the subscripts 
denote the points of a standard finite difference grid as 
SLOWED 1G... 4. An overlay was prepared based on this 
grid and adapted to the 1:10,000,000 scale map of the 


surface analyses used. 


The value of any quantity calculated using finite 
difference methods depends to some extent on the grid 
length. Intensity values may vary quite considerably, 
depending on the orientation of the grid. This, of. course, 
is due to the non-symmetric nature of most sea-level 
cyclones. The finite-difference readings do not take into 
account the size of the low but give only the relative 
intensity of the circulation in the area covered by the 
grid. For consistency, the axis of the grid was oriented 


north-south for all intensity measurements. 
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Bie a Grid used to evaluate intensity. Grid length 
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ae aD 


chosen was 3°latitude=332km. 
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As noted in the previous section, the central pressure 
and the intensity I are often not very good estimates of the 
surecngthsand extent of Gthe circulation ofsa cyclone: It was 
thought that some combination of intensity with the. area 
covered by the low might be more worthwhile. To this end, 
the intensity as determined by the finite difference grid 
was multiplied by the number of closed isobars (n) 
associated with the low. The isobars considered had to be 
directly associated with the low and could not meander away 
from the center of the low. With this constraint, the lows 
were classified according to the maximum intensity attained 
during their life span. Three classes of lows were obtained 
as follows: 


vie) RS 0 < nV4p < 60mb (333km) -—2 
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2. MODERATE 60mb (333km)—2 < nV*p ¢ 120mb (333km)-2 


3. STRONG ny2p > 120mb (333km) —2 


Based on this classification the 125 lows grouped as 


follows: 
1. Weak 42 cases 
fe Moderate 4&4 cases 
a LC LONG 42 cases 


The weak lows in general were not easy to trace on 
surface maps, and the upper air features associated eity 
them were not as well defined as with moderate and strong 
lows. With strong lows, the upper air features were 


somewhat easier to follow on the 500-mb maps. 


Of the 125 lows considered in this study, virtually all 
moved out of their source region. Of the lows formed in or 
to the lee of the mountains, several had only short trajec- 
tories before dissipation, but, for the most part, these 
lows also had significant trajectories. Thus it was not 
considered necessary to categorize the lows according to 


their source region and motions. 
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3:6 Frequency of Lee Cyclogenesis in the Canadian Rockies 


The occurrences of cyclogenesis were counted in a_ grid 
of square sampling areas 1.5 by 1.5 degrees of latitude in 
size. These occurrences are plotted and contoured in 
Fig.3.5. It is seen that the maximum frequencies of initial 
formation of cyclones occur in the lee of the three major 
mountain chains. The cyclogenesis frequencies associated 
with each range are correlated with, and are apparently a 
function of their height. The Southern Alberta Range is 
higher Pen the other two major ranges, and the number of 
cases of lee cyclogenesis associated with this range is 
higher than with the other two ranges. Moreover, the number 
of cases of cyclogenesiS occurring in the lee of the 
Northern B.C. Range is greater than in the lee of the lower 
Mackenzie Range. There is a secondary maximum in Montana 
which would most likely merge with the Southern Alberta 


maximum if a larger data sample were employed. 


These results compare favourably with those of Chung 
(1972) although the actual numbers are smaller since the 
data sample considered here is smaller than that surveyed by 
Chung. The maxima appeared somewhat farther to ene east 
than in Chung's work, most likely becau-e he also analyzed 
intermediate synoptic maps, so that the lee cyclogenesis 


would be discerned sooner and closer to the mountains. 


It should be noted that virtually all cyclones which 
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Fiq. 3.5 Frequency of cyclogenesis in the lee .of the 
Rockies. Isopleths indicate number of cases of cyclogenesis 
contained therein. 
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originated in the Pacific moved to the northwest or north as 
they approached the higher terrain of the Cordillera. This 
occurred in spite of a predominantly westerly flow aloft 
offering evidence that cyclones cannot easily cross large, 
broad mountain ranges without suffering some degree of 
cyclolysis on theyway: Of course, there is the odd case of 
a large, fast-moving system crossing the mountains without 


being weakened perceptibly. 


J Lee Cyclones and Upper Air Flow Patterns 
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To examine the relation between lee cyclogenesis and 
diffluence, it was necessary to determine and classify flow 
patterns favourable for lee cyclogenesis. To this end, the 
diffluence associated with every cyclone was determined 


whenever possible. 


The diffluence of an upper flow pattern was determined 
as follows: The location of the surface low (which on 
occasion had to be re-analyzed) was noted from the surface 
analysis and transferred to the 500-mb analysis. A 
diffluence overlay was prepared based on the grid shown in 
Fig.1.6. and adapted to the 1:20,000,000 scale of the CMC 
500-mb map. This diffluence overlay was then applied to the 
contour pattern. The contour chosen on which to center the 
grid was always the contour which best reflected the flow 
over the low; this was normally the contour closest to the 


position of the low. Usually two sets of two readings were 
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taken, at intervals of 260km both upstream and downstream. 
These readings were then substituted in equation 1.6 to 
obtain the diffluence. If the flow pattern would not permit 
this, then only one set of readings was taken. The actual 
value of diffluence is the arithmetic mean of these values. 
When five determinations were made, the extreme inte 
upstream and downstream were given less weight than the 
eeutral® valuc@eandgethe twolSadjacentievaluesi%so! that a 
representative diffluence was obtained. A mean such as this 
was fine as long as there was confluence (or diffluence) 
both upstream and downstream. If the fluence changed sign 
(confluence upstream and diffluence downstream or vice 
versa), then the arithmetic mean would be near zero which, 
in most cases, was not representative of the actual flow 


pattern. This problem has yet to be clarified. 


This procedure was repeated throughout the lifetime of 
all the lows so that they could be classified according to 
the flow patterns associated with then. As would be 
expected, the flow patterns in many cases changed throughout 
their history. Thus it was possible for an individual low 
to belong to two or perhaps three types of flow pattern. 


The principal flow patterns are described below. 


i. Group 1 Flow Pattern 


The 500-mb flow pattern associated with cyclonic 


activity observed most often was that in which there was 


ra 


& 4 j 
Fidg 
{ ‘J 
, 
wi 
~ 
hid 


wei f Lae DS 


i ae Ac 


| | = 
Ai whey tell! AE aS Wie 
Pia. iw Bees Sere At Pj 


Hotee ewe shba oe. “ei . Cee! waesy lexsaea. 


sian J pe abo ee pS at av tye nano mged | 


in meu, ae bern oh 


wate naollgpa 






















Ese han wale ie <~7a es ree + 
hid Sev: eu ae 20, 7° 4a via Koes i 
| » to" ke 7 Vay 
i% 4Shen'}. ate +7 sulean Larose: avid waite io | 


« | Ci yi! vin): aed aan ‘Bas wnortage ol 7 





3 “ap Sf xon ee 2eoa4entd at. ooe 


? 


AL ey: nd dead’ iia (ied aS att aay 


wit SPS, en or roy wasn dsod | 
he vb fine Leela eae Racoagd voeau Ldnaay | 
ie i WAee DEA joka ade Geat eae 

by Ful 9 ee aga “ea ae yaeeeo T198 ay 


ie 
os dag gl ehaame whee sr0ddeg § ; 


as Th 


a 


cugndah wakes see ‘ail wie «oe 
183 3 Ale eek eae pated 


62 


confluence into the trough and some distance downstream from 
the trough line. Further downstream the confluence changed 
to diffluence. The low was frequently located at the point 
of inflection where confluence changed to diffluence,. The 
ridge upstream fron the trough was normally far out over the 
PAGULIC. The downstream ridge was weak and usually so 
diffuse that the ridge-line could not be fixed with any 
degree of certainty. This) Situation, illustrated in 
EVgGoe os. 0, OCCUTTCOmocetimes —) Generally, the intensity .of 
the cyclone was determined by the amount of confluence or 
diffluence associated with sce The best examples of 
intensification took place where there was strong confluence 
downstream from a sharp trough line changing to strong 
diffluence further downstream with the low situated at the 


transition from confluence to diffluence. 





Fig. 3.6 Group 1 Flow Pattern indicating the trough (T) and 
the predominant position of the low. 
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In most of the cases this flow pattern produced 
formation or intensification of lows. There were 17 cases 
of formation and 35 cases of intensification, In nine 
cases, there was also filling associated with this flow 
pattern. Six of these cases in which filling occurred had 
the low moving through the mountains so that the vorticity 
changes produced by the stretching and shrinking of the air 


column were probably important here. 


If confluence upstream, and diffluence downstream fron 
a cyclone favoured formation and development, then the 
reverse naeen “- diffluence upstream and confluence 
dowictream —— Should tavour tillingeofe cyclones. This in 
fact soccurred in the case of 8 lows. Unfortunately this 
analogy cannot-be carried too far, since in the case of 


eight other lows with diffluence upstream and confluence 


downstream, the low either formed or intensified. 


Initial formation of cyclones in the lee of the Rockies 
associated with the Group 1 flow pattern most often occurred 
with the trough located at or near the West Coast and 
aligned more or less parallel with the coast line. Based on 
the cases examined, the mean trough-low separation was 750km 
with a range varying from 200km to 2000km and a standard 
deviation of 400km. On several occasio s, the cyclone moved 
through the mountains much more rapidly than the upper 
trough, and lee cyclogenesis occurred. Conversely, on 


several occasions the trough moved more rapidly than the 
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surface low, and lee cyclogenesis still took place. 


It was thought that for moderate to strong lows the 
amount of confluence and diffluence would be larger and 
easier to measure, thus facilitating the determination of a 
relation between diffluence and intensification. Based on 
this reasoning, only the moderate to strong lows were 
considered. There was nothing significantly different for 


this group from the results obtained with all the lows. 


For formation of a cyclone, the trough was located near 
the coast and parallel to it. In general the troughs were 
well-defined and produced fairly strong southwesterly flow 
over the mountains. This flow WaS more or Jess 
perpendicular to the mountains, an orientation favourable to 
cyclogenesis, as noted by Chung (1972) and others. The mean 
trough-low separation was again 750km at the time the lows 


were formed. 


ii. Group 2 Flow Pattern 


The second-most numerous upper flow pattern associated 
with surface cyclonic activity is depicted in Fig. 3.7. A 
trough in the flow was present with diffluence downstream. 
The cyclone was located downstream from the trough in the 
area of diffluence. The upstream ridge was normally well 
into the Pacific and out of the area of interest. The 
downstream ridge was so diffuse that it was not possible to 


fix the position of the ridge-line. 
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Fig. 3.7 A Group 2 Flow Pattern is depicted showing a trough 
(T) with diffluence downstream and the predominant location 
of Ccyciones. 


This situation occurred 48 times as follows: There were 
41 cases of cyclogenesis and 37 cases of intensification. 
For six of the lows, intensification was soon followed by 
dissipation. In several of the cases, the intensification 
was very slight. However, care was taken to be sure that 


fplilang dad not occur. 


The mean trough-to-low separation was approximately 
600km with the range extending from 100km to 2000km and a 
standard deviation of 370km. This value of 600km is not 
significantly different from the value of 750knm determined 
for Group 1. As in the case of Group 1, the favoured trough 
position for lee cyclogenesis was near the West Coast with 


the trough lined up essentially parallel to the coast and 
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the low forming approximately 600km downstrean. 


Dissipation either occurred in the mountains or where 
the diffluence was weak, and hence of lesser importance than 


other factors. 


1lii. Group 3 Flow Pattern 


The third-most common 500-mb flow pattern observed is 
the trough- ridge configuration depicted in Sigua This 
consists of an upstream trough and downstream ridge with the 
surface cyclone located in between. The trough-ridge system 
had to be defined well enough at any given time so that the 
trough was outlined by at least two contours and the ridge 
was defined by at least the same two contours. If the ridge 
could not be so defined then the system would be classified 
aSmeameCTOUDS J s Ore Zotlow pattern. The flow from trough co 
ridge was generally either completely diffluent or confluent 
downstream from the trough, changing to diffluent Ahn of 
the ridge. On rare occasions lee cyclones were associated 
with confluence from trough to ridge. Based on 38 cases 
examined, the mean trough- ridge separation was 1650km, with 
a range from 700km to 3000kn. The mean trough-low 
separation was 850km with a range from 0 (low directly under 


the trough) to 2500knm. 


This trough-ridge configuration often evolved in the 
following manner. A trough was located in the Pacific Ocean 


in a north-south orientation. The ridge would be situated 
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Fig. 353°9A ‘§Group) 3° )Flow Pattern is illustrated showing a 


trough (T) and ridge (R) with the cyclone (L) located 
between. 

over the mountains and aligned parallel to then. The 
trough-ridge system moved eastward as a whole and enmehe 
ridge moved east of the mountains, lee cyclogenesis 
OCCuLLed., The passage of the mountain chain by the ridge 
appeared to be an important factor in the process of lee 
cyclogenesis. Another similar pattern was that in which the 
trough-ridge system advected across the Pacific. On 
approaching the coast, the low recurved northward and 
weakened as it moved through the mountains. After crossing 


the mountains the low would redevelop on the lee slope. 


The favoured configuration for the formation of lee 
cyclones was that in which the trough-ridge system straddled 


the mountains with diffluence from trough to ridge. Initial 
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formation of lows took place 14 times under these 
conditions. Cyclogenesis also occurred eight times with 
confluence downstream from the trough and diffluence ahead 
of the ridge. On rare occasions lee cyclones formed under 


confluent upper flow. 


With the trough-ridge pattern, intensification occurs 
three times as often as filling. Intensification is just as 
likely with diffluence from trough to ridge as with 
confluence changing to diffluence between trough and ridge. 


hee smcacestOslInd intensitication with confluence aloft. 


It was interesting to observe how the intensity of 
cyclones varied with the distance from trough to ridge. If 
the trough-ridge separation decreased, intensification 
occurred three times as often as when the separation 
increased. Similarly, the intensity was observed to vary 
with the trough~low separation. Ti this situation 
intensification occurred twice as often when the trough-low 


separation decreased than when it increased. 


The trough~ridge configuration was highly favourable to 
the formation and intensification of lee cyclones. if 
dissipation was to occur, the trough-ridge pattern would 


normally break down prior to or during dissipation. 


iv. Group 4 Flow Pattern 


This is the situation where a ridge has diffluence 
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upstream and the low forms upstream from the ridge (see 
EL Ga oo) The upstream trough with this flow pattern was 
too diffuse to be fixed with any consistency. A Group 3 
flow pattern could become a Group 4 flow pattern if the 
trough of the Group 3 pattern is no longer recognizable. 
Polster (1960) considered this quite an important means of 
cyclogenesis. During this study 27 such cases were found 
with the low forming in the mean some 350km upstream, in a 
range from 0 to 1000km. As far as the actual formation of 
new lows is concerned, this is a very significant group, 


considering ‘that some 20% of the total sample were initiated 


under these conditions. 
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Fig.3.9. A Group 4 Flow Pattern is shown with. diffluence 
upstream from the ridge (R) and the cyclone forms in the 


diffluent area. 










ist J«) i ‘Yu 
Sud is ar 

L : Se Leper 
; ; ; 7 

wy 25629 25) hh Loge az poitug: 6 ? pots 
14 = ak ba 
ateqd a102o. Suk. en Th et gasasol eg wis 

: eee a im fie] oe +, mA; +a a va e woad 


Y ai 






a 


yee tae Aes wha? sone: eh eyor 


he vs. rh fo 2ee (oa ix «ans % #65 aeoR ery casaebbanes 
Ages 982000 gavat. 


70 


Usually the ridge was just east of the mountains and 
the low formed either in the mountains or on descending the 
eastern slopes of the mountains. Lows did form in the 
Pacific: under “similarv * circumstances, but only on rare 


occasions. 


Approximately 90% of the cyclones examined belonged to 
one of these four flow patterns. The remainder of the lows 
Weremdveticult tovclassrry,ssand short. of describing the 
cases individually, a classification scheme would not be 


worthwhile. 


8 Lee Cyclogenesis and Upper Wind Maxima 


Eiewas noted in’section 1.3 that jet streams play an 
important part in the formation and intensification of 
surface cyclones. One of the aims of this study was to 
examine the relationship between lee cyclogenesis and upper 


Wind maxima. 


All cyclones other than the 1959 sample were examined 
for association with wind maxima, To this end an isotach 
analysis at 500mb was carried out. Because the 500-mb 
analyses have a rather sparse data coverage, there will be 
inconsistencies in the isotach locations. If a wind maximun 
greater than 45 kts could not be located, it was assumed 


that a wind maximum did not exist. 


According to Riehl et al (1954), the favoured area LOG 
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the formation or intensification of cyclones is the left 
exit or right entrance of jet streams. While the 500-mb 
Wind maxima are not truly jet-stream maxima, it may be 
assumed that the flow patterns at the 500-mb level are 
Similar to the patterns prevailing at the jet-stream level. 
In the data sample considered, 74% of the cyclones had wind 
Maxima associated with them. Considering the right entrance 
and left exit of the wind maxima as preferred places for 
cyclogenesis, then 73% of the time cyclones were located in 
a position favourable for cyclogenesis. Most of these were 
located below the left exit of wind maxima. This would 
indicate that wind maxima are important in the formation and 


intensification of cyclones. 


Riehl et al (1954) noted that the right exit region of 
cyclonically curved jet streams was favourable to the 
formation of cyclones. Five cases of the sample were found 
in the right exit region, which would indicate that this is 
a favoured area of cyclogenesis. 


9 Lee Cyclogenesis: and Diffluence = A Numerical 
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From the beginning it had been hoped that a numerical 
relation could be established between intensification and 
diffluence. Since such a relationship could neither be 
established directly nor uniquely, it was thought that 


scatter diagrams of these two parameters might give an 
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indication of such a relationship. As far as is known, no 


published results of this sort exist. 


For comparison purposes, the data sample was broken up 
in cCoOmEeWOMpaLes. — Thewetlest Tol *these= "was? considered the 
original sample and the second was the test sample. The 
intensification values were obtained by using the overlay 
described in section 3.4 on the surface analysis at AEE i 
angel + ei2hrs. eby taking the difference “of these values and 
dividing by the time interval (12 hours) an average value of 
intensification at T + 6hrs was obtained. The diffluence 
Giceedetormi nedwas described in sectron, 3.7, at time Teand Tf 
+ 12hrs. A simple average of these values gave the value of 


diffluence at time T + 6hrs. 


Graphs were plotted of change Ou intensity 
(items: fication)» eas aeettinction "of» dittluence™ for five 
different groupings of data; these are shown in Figs.3.10 to 
3.14. The first is based on the six-month period fron May 
1, 1973 to Oct. 31, 1973 and the second on data from Nov.1, 
TOTS ee COP VADLC. 30 919745 These two groups are of about the 
Same size, and if the analysis is consistent the results 


should be similar. 


Fig.3.12 is based on a summer sample from June 1, 1973 
Coes Geo el ovo eon deid veo. (oe cee lottveds Girone ag winter 
sample fOr Chemeporlodmevecal,: MI97seeto = Feobezs ; aig 7h 
Fig. 3.14 is constructed from the 1959 data. The results of 


these graphs are summarized in Table 1. 
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SAMPLE CONSTD= TOTAL A 
ERED NUMBER vi 


WAY =OCT ssi) 2 128 
HOVet9 (S—-RPRI197G 138 
SUMMER SAMPLE 60 
WINTER SAMPLE 76 
JAN.J-MARCH 1959 88 


TABLE 1. Summary of scatter diagrams shown in Figs. Sn 0 
to 3.14. A is the percentage in the quadrant of diffluence 
With intensification. 8B is the percentage of diffluence 
with dissipation. C is the percentage of confluence with 
intensification. D is the percentage of confluence with 


dissipation. 





a 


The general results of all the graphs are considered 
1S Sh oe The graphs show that diffluence occurred with 
approximately 80% of the cyclones studied. Breaking this 
down, diffluence aloft was associated with intensification 
almosteehalt ot thes tine. However, diffluence was also 
associated with dissipation about one-third of the time. 
Confluence was almost equally associated with 
intensification and dissipation, a result which was. rather 
unexpected. TheMELeSUUtLSmECOL Chem ei9o9N Gata sample swere 
somewhat different from the remainder, probably reflecting 
the fact that the 500-mb analyses were the subjective 
analyses of the Edmonton Weather Office and were not of the 


same consistency as the objective analyses prepared by CNC. 


It can be seen that the maximum absolute value of 
diffluence (-35xX10-6 sec-1!) is larger than the maximum value 


of confluence (19X10-© sec~1!1). The average magnitudes of 
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confluence and diffluence were calculated for the entire 
sample. These calculations showed that the average 
Magnitude of diffluence (-8.4x10-6 sec~1) is considerably 
larger then the average magnitude of confluence (4.81076 
sec—!t). It can also be seen that these values are larger 


than those determined in section 3.3 for the mean motion. 
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The nean values of diffluence calculated for 
intensification and dissipation are the same (8.4x107-6 
Seca!) indicating that the amount of diffluence does not 
determine whether or not cyclogenesis will occur. The mean 
value of confluence associated with intensification 
(4.3x10-& sec-1!1) is smaller than that associated with 


tess epee One (OO Uno BSC Cr. )ir 


The results implicit in the individual scatter diagrams 
may be summarized as follows: For the original sample (May 
ae WRCATES' to Octo le Ovs) ditt iuence occurred 77% of the 
time. Diffluence was associated with intensification half 
of the time, and ie dissipation slightly more than one- 
quarter of the time (28%). Confluence was observed less 
than one-quarter of the time. Of these occurrences, 


slightly more (14%) were associated with intensification 


than with dissipation (9%). 


Fommeches testecanple (Nov. 9 1,01973) to Apr.= 307, 1974) 
the results were not greatly different. Diffluence occurred 
80% of the time. On 43% of the occasions diffluence was 
associated with intensification while on 37% of the 
occasions diffluence was associated with dissipation. 
Confluence occurred 20% of the tine, 12% with 


intensification and 8% with dissipation. 


These two samples were then subdivided to obtain both a 
summer and a winter sample. Using these two subgroups it is 


possible to test for a seasonal variation of diffluence and 
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81 
intensification. 


tne ether summers: sanple, difflnuence occurred 79% of the 
time, 49% associated with intensification and 30% with 
dissipation. These percentages are virtually identical to 
those determined for the original sample. Confluence 
occurred 21% of the time, 8% associated with intensification 
and 13% with dissipation. These results are slightly 
different from the original sample but the differences are 


probably not significant. 


For the winter sample, diffluence occurred 82% of the 
time, 45% associated with intensification and 37% with 
dissipation. These results are very close to the results 
calculated for the test sample. Confluence occurred 18% of 
the time, 8% with intensification and 10% with dissipation. 
The results for confluence are somewhat different from _ the 
test sample but the differences are probably not 


Significant. 


For the 1959 sample, the validity of the results are in 
doubt for reasons already given, and hence this sample will 


not be considered further. 
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In this chapter it is intended to give case histories 
of lee cyclogenesis under much the same groupings as in the 
Peevsousechapterjeginsgideal) casey shistony, tof » the) Group «=f 
classification would show a trough near and parallel to the 
Pacific Coast, confluence downstream beyond the trough line 
changing to diffluence further downstream. A cyclone would 
be forming on the eastern slopes of the Rockies under the 
inflection point in the 500-mb flow where confluence changed 
to, difttiuence. This low would deepen and move eastward 
under this flow. In practice, the atmosphere does not often 
provide such ready-made "textbook" examples, and thus, of 
necessity, the cases discussed will show overlapping 
characteristics with other groups. Buteeclhi TSeecannot De 
helped and in some ways may be a useful feature. 


15, 1973 to 1200Z, Aug-18, 1973) 


==> =D oD oo a Up Ee eos eae wo 


The first case to be considered is one in which the low 
was initiated under circumstances different from those under 
which subsequent development took place. This was a summer 
(mid-August) situation where two weak lows formed and co- 


existed for a period and then, under circumstances to be 
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described, became a well-developed cyclonic system. 


Before the discernable formation of any lows (12002, 
ROG. el, 1973), there was a 500-mb trough on a line running 
from northwestern B.C. southwest into the Pacific (see 
Fig. 4.1). Downstream from the trough, a west-southwesterly 
flow crossed the Rockies with a wind maximum over central 
Bac. and into Saskatchewan. The flow downstrean from the 
trough was confluent across the nountains into Alberta and 


then became distinctly diffluent over Saskatchewan. 


By 0000%, August 16, (see Fig. 4.2) the 500-mb trough 
had swung around to a north-south orientation and the flow 
had become more southwesterly (from 240°) across’ the 
mountains. At least two weak lows formed in and to the lee 
of the mountains. It will be noted that the 240° flow is 
essentially perpendicular to the Rocky Mountains, a con- 
dition which is favourable to cyclogenesis. The wind 
maximum was well to the north and did not appear to have any 
effect at this time. There was significant cold-air advec- 
tion in the area, indicating that a vorticity maximum, and 
positive vorticity advection (PVA) was present. At the 
surface a weak frontal system separated maritime Arctic from 


Maritime Polar air. 


Petterssen's hypothesis states that cyclone development 
at sea level occurs where an area of PVA in the upper 
troposphere is superimposed on a slow-moving frontal system. 


These conditions were satisfied here and a low duly formed 
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in the mountains. Since there was little or no PVA to the 
east of the mountains, it is believed that the change fron 
confluence to diffluence in the upper troposphere, combined 
with vorticity produced by vertical stretching of the air 


column on descent, produced this weak low. 


Twelve hours later, an upper low had formed off the 
West Coast with aire usage running southward. Excluding the 
formation of the upper low, the situation had changed little 
and the sea-level cyclones persisted weakly with little 


motion or development. 


The initial formation of the lows was now complete. 
Petterssen's hypothesis provides the explanation of the 
easterly low while the change from confluence to diffluence 
overriding the vorticity produced by stretching of the air 
column could account for the low near the Alberta-Saskat- 


chewan border. 


By 0000Z, August 17, the leading trough had weakened 
and was difficult to place. Another trough was ewinging 
around the upper low which had up to this point shown little 
motion. A considerable area of PVA was also present. This 
then was the situation where a surface frontal system was 
being overtaken by an upper trough with PVA ahead which, 
according to Petterssen (1956) “is one of the most reliable 


indications of cyclone development at sea level". 


Downstream from the trough, there was southwesterly 
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diffluent flow across the mountains and, since the gradient 
had tightened, a wind maximum could be located. The most 
easterly cyclone was at the left exit of the wind maximum, a 


place where development could be expected. 


At 12002, August 17 (see Fig. 4.3) the upper low had 
moved slightly inland, with a trough still anchored off the 
coast, while the leading trough was aligned southeast of the 
upper low. The surface low was just ahead of the leading 
trough, and just to the left of the wind maximum exit, in a 
good PVA area, with significant diffluence all around. With 
all these favourable factors present for development, the 
surface cyclones combined into a single fairly intense 
center. With pressure falls of 6mb/3hrs the isallobaric 
field indicated that the low was deepening rapidly and 


moving north-northeast. 


Twelve hours later, the upper low had moved inland, but 
the main trough remained anchored off the West Coast. The 
leading trough had weakened quite considerably. The low was 
located at the left exit of the wind maximum in an area of 
PVA, and maintained itself under a weakening area of 
. @iffluence. Since the only basic change in the flow pattern 
was decreasing diffluence, this suggests that diffluence is 


important in the development of lee cyciones. 


By 1200Z, August 18, (see Fig. 4.4) the surface low had 
moved under the upper low and was now drifting very slowly. 


In doing this, the surface low had moved away from the areas 
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generally associated with development. The surface low was 
now well away from the left exit of the wind maximum; it had 
advected pout ~Oofmethe Marea, of diffluence and it was also 
outside of the PVA area. The upper low was weakening 
concurrently and soon became a sharp trough with good PVA 


and associated diffluence aloft... 


Subsequently, the surface low moved ahead of the trough 
into the PVA area, just to the left of the wind maximum exit 
and santo ja good area of diffluence, intensifying 
dramatically doe eno VvVeCdum™ NCO ue tLhegALTCtirCulslands. fhis 
example showed the genesis of a cyclone under a Group 1 flow 
pattern and its subsequent development under a Group 2 flow 


pattern. 


Several things were noted from this example: (1) A lee 
lowawas@initiatedawhere: the flow, initially "of *Group (1, 
changed to a Group 2 pattern. (2) Petterssen's development 
criteria are applicable in a mountainous area. (3) 7A 
southwesterly flow across the mountains and diffluence aloft 
are, —conducive to, ) or at Jleast associated’ with lee cyclo= 


genesis. 


The second cyclone to be considered formed in southern 
Alberta. It was associated with a trough-ridge system and 
moved slowly north-northeastward. Later it came under the 


influence of an upper low and drifted northeastward. 
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At 00002, May 19, before the formation of the surface 
low, a north-northwest to south-southeast trough was 
Situated off the Reet Coast (see Fig. 4.5). Approximately 
1400km downstream from this trough was a fridge, located 
directly over the B.C.-Alberta border. A southwesterly 
diffluent flow of colder maritime air led to considerable 
cold air advection between trough and ridge. A significant 
area of PVA was present over northwestern B.C. but weil 
away from the area where lee cyclogenesis actually occurred. 
A weak surface low was associated with this PVA. No wind 


a 
maximum was present. 


By 1200Z, May 19, a weak low had formed in southern 
Alberta (see Fig. 4.6). A weak wave was associated with 
another weak low in B. C. which had moved to northwestern 
Alberta. The ridge at 500mb had moved eastward to the 
Alberta-Saskatchewan border. Other than this’ there was 
little change in the flow pattern from that observed twelve 
hours earlier. The trough-ridge separation had increased to 
1600km while the trough-low separation was 1450km. There 
was still cold-air advection, PVA at the West Coast, and no 
discernable wind maximum. Under these conditions, the 
existing low in northwestern Alberta developed slightly 
while a new low formed in southern Alberta. Thais ) cyclo-= 
genesis must have been associated with the diffluent flow 
over the Rockies and the passage over the mountains of the 


500-mb ridge. 
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Prior to the 500-mb ridge moving over the mountains, 
the flow was generally northwesterly; after the passage of 
the ridge, the flow was basically southwesterly. The 
combination of southwesterly flow and diffluence apparently 


was sufficient to generate the weak lee cyclone. 


By 0000Z, May 20, the southern low was more organized 
(see Fig. 4.7) than the northern low which was weakening 
fairly rapidly, and had dissipated by 06002. The maritime 
Arctic front was associated only with the” southern low at 
this time. The trough-ridge system persisted through this 
period, with the trough remaining off the west-coast and the 
ridge pushing eastward. The trough-ridge separation was 
over 2000 km, while the trough-low separation was 1450 km. 
There was a Significant area of PVA and cold air advection 
at the West Coast, extending through B.C. into Alberta. 
The flow remained southwesterly and strongly diffluent 


throughout the period. It was difficult to analyze a wind 


Maximum in the area because of the paucity of reports. 


During this period the cyclone became better organized 
but showed Lie sign of motion. By Petterssen's 
hypothesis, as an area of PVA becomes superimposed on a 
surface frontal system, development can be expected. The 
development did come about and, as SHOW nme Neer) ds04..6,0 ed 
fairly intense double~centered low was observed at 12002, 


May 20. 


The trough-ridge system moved eastward and the 
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separation was reduced to 61650 7ekn- The trough-low 
separation was reduced to 1000 km by this time. There was 
strong diffluence and PVA in the area of the low, both of 
which contributed to the deepening. A wind maximum was 
analyzed across the western USA, extending up to the 
Canadian border with the low being downstream from the exit 
of the wind maximun. It is not clear whether or not the 


wind maximum played any part in intensification. 


At 0000Z, May 21, the low had split in two, with one 
part moving north, and the other to the southeast. There 
were fronts associated with both lows. An upper low ‘formed 
in Alberta with a surface low almost directly sundersit. | )At 
this point the low was no longer pact of a trough-ridge 


system and the analysis was, therefore, discontinued. 


This synoptic case illustrated several facts about lee 
cyclogenesis. First, lee cyclogenesis does OCClLmewith~s che 
trough-ridge configuration. Secondly, the change fron 
northwesterly to southwesterly flow, which occurs with the 
passage of a ridge over the mountains, is important in lee 
cyclogenesis. Diffluence appears to be just as important as 
the southwesterly flow. Also, Petterssen's criteria for the 
development of a low hold in alee cyclogenesis situation. 
Vastly, cyclogenesis= cans occur without the presence of a 


wind maximum. 
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25, 1974 to 12002, Feb. 26, 1974) 


Before this low appeared in Alberta, an intense quasi- 
stationary low pressure system was situated in the Gulf of 
Alaska associated with a deep upper low. This systen 
weakened as it approached the coast, and eventually part of 
it moved through the mountains. This low occurred during 
winter, in late February, and is an example of the formation 


of a lee cyclone with Group 4 characteristics. 


At 00002, Feb. 25, an upper low was present in the 
Gulf of Alaska with a strong southwesterly diffluent flow 
over the mountains up to a sharp ridge located at the B.C.- 
Alberta border. The exit of a fairly strong wind maxinun 
extended northward along the B.C. coast, but did not appear 
to be involved with cyclone formation. A good PVA area, 
moving along the same path as the wind maximum, did not 
participate in cyclone formation. At the surface, the low 
in the Gulf of Alaska was weakening and part of it was 
showing signs of separating from the parent low (see Fig. 
4.9) although no closed isobars could be found near the 
Boce-Alberta | borderesat this) (time. There was a complex 
frontal system separating below zero temperatures in 
northern B.C. from above freezing temperatures in southern 


B.C. 


Byeere002Z,#Feb. 0525, the sucface low had formed in west- 
central Alberta (see Fig. 4.10) about 250km upstream from 


the upper ridge, which had moved eastward. Again this was 
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the situation where a ridge had pushed east of the mountain 
ridge, and a cyclone formed with a diffluent southwesterly 
flow. The wind na ximun ate this a tiunesswas ™=also —'cross= 
barrier" with its exit in the region of the low. A good PVA 


area was also in the region. 


Twelve hours later, the ridge ran north-south through 
central Saskatchewan (see Fig. 4.11) but was not nearly as 
pronounced as previously. The southwesterly flow was 
weakening, and the amount of diffluence was also reduced. 
There was a weak PVA area in the vicinity of the low just 
downstream from the left exit of the wind maximum. Under 
these circumstances, the low was not expected to develop 
very much. Even though fairly well-defined surface frontal 


zones existed, development did not occur. 


The ridge continued to push eastward and by 12002, Feb. 
26, it was in the eastern Prairies with the low moving into 
Manitoba. The low was 200km from the left exit of the wind 
maximum. There was diffluence in the flow, but much less 
than formerly. Some PVA was associated with the low which 
intensified under circumstances different from those under 
which it was formed. This is an example of the formation of 


a cyclone in the diffluent flow ahead of a ridge. 


The three cases presented in this chapter illustrate 
the four principal flow patterns discussed in Chapter 3. 
The first case demonstrates the formation of a low under a 


Group 1 flow pattern, and intensification of this low under 
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amGLoupeestype Of flow.) (Case; 20is an example of the Group 3 
flow pattern while Case 3 illustrates the flow pattern of 


Group 4. 
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The principal aims of this study were two-fold: 1) to 
establish whether or not the mean flow over the Rocky 
Mountains is diffluent, and 2) to attempt to determine if a 
relationship exists between diffluence and lee cyclogenesis. 
In addition, the development theories summarized in Chapter 
2 were to be examined qualitatively in the light of the 


current findings. 


In- consideration of the first of these aims, height 
data at fixed latitudes for the years 1959 and 1960 were 


examined on either side of the Rockies. 


To test the second premise, 500-mb and surface maps 
were examined over a fifteen month period in terms of the 
upper flow patterns and the development of surface cyclonic 
systems. The numerical values of diffluence, confluence, 
and intensification were determined and plotted on scatter 
diagrams; these were then examined for possible relation- 


ships between diffluence and intensification. 
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Height data at 700mb and 500mb were taken every ten 
degrees of longitude from 100°W to 150°W longitude. These 
data were read along 35°N and 55°N latitude, the standard 
latitude circles used in the determination of many zonal 


indices (Petterssen, 1956, p.281). 


A reasonable estimate of the probable error in readings 
of geopotential height is 50 ft. Since the typical heights 
dealt with were 10,000 ft at 700 mb and 18,000 ft at 500 mb, 
this represented quite a small error. The mean value at 
each point is an average of over 1400 readings and hence 
even a significant error in an individual reading would have 
little effect on the result. This, plus the factethatesoone 
care was exercised in the extraction of each data point 
would indicate that the variation of height difference in 
crossing the Rocky Mountains is real. As stated in Chapter 
3, it was probably not realistic to divide the height dif- 
ferences over 20 degrees of latitude into equal increments 
since this suggests uniform flow over that interval. There 
is almost certainly a region of maximum wind between 35°N 
and 55°N which would indicate a tighter gradient at some 
positions in @this “20 degree of latitude region. However, 
there can be little doubt that these height differences are 
real and representative of the variation in the mean flow. 
Therefore, it may be asserted, pwiths@ come confidence, that 


there is diffluence at 700mb and 500mb with the maximum 
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separation of contours near 120° longitude and the maximum 


diffluence further west, near 130°W longitude. 


The frequency of occurrence of lows was plotted in 
Fig.3.5 and shows three maxima. These maxima were located 
in the lee of the three principal mountain ranges. The 
largest maximum was in the lee of the Southwest Alberta 
Range , the second largest maximum was in the lee of the 
Northern B.C. Range and the smallest maximum was in the lee 
of the Mackenzie Mountains. It is significant celine  EMWeisyS) 
frequency maxima decrease as the height of the mountain 
ranges decreases. This strongly suggests that lee 


cyclogenesis is a function of the height of the barrier. 


The Rocky Mountains produce forced vertical motion on 
an impinging air mass. The forced vertical motion on the 
windward side produces vertical shrinking and the air 
particles acquire anticyclonic curvature, cyclonic vorticity 
decreases and cyclolysis ensues. In the lee of the 
mountains, the air column descends the slopes and undergoes 
vertical stretching. To compensate for this, horizontal 
convergence takes place inthe lowerelevels. “The vertical 
stretching combined with horizontal convergence produces 
cyclonic curvature, the cyclonic vorticity increases and 
cyclogenesis occurs on the lee slopes. The amount of 


cyclonic vorticity produced depends on the steepness of the 


ay 7 f 
NOT 4 =. 7 
_ 

S ; - i? , 


; cs wi Pi 
vostexce ond Ene vtaslioanl Feag? Pro ’ 


-ubvsigao] WOREE aseu Sno® 












a. bic 


ao im Ay, = 
ateritiaanhae Mile Ree oeataNe be silteuaeal | : + 
| 7 


te Letso ay ee BwO4 77 a dada i Yo cecum 8 oat oe i 
bestonoel . sis¥ £ te ix eceany PR AINA ‘7 74e au Ode as cas. oe - : 
a 7 mK | en ole Leva te ogg nda io° eet ent ; ab 
eoyutinves Ff oP 3 O9G oad et: Tis ava keen fanaa. : 

Lo Hon?ias. sae red heme oe? ly apted.. 





’ 
7] 



















= - 


ei ads iow “bec =n.2'i) Te aig Ste ena 36 aed doped 
. ida . 8 be > Ty Ler isi g om sizopNont ods: 20 

be Steel Aner: Bt wanete’ "nelaen yeas peal: 

ae fh $214 | peu rinnoite: eid sinevaiel eopnas : 
perinian 6049 To is Lb a¢¢ 20 rs. isonwt 2 nee eiescspoleys 

te be Bhat 


ao al atl £6 P : i, YROS nceneng iti 6 ING 5" nba ost’ 57 : 
- on . | on --ranhs - isp wee. TEBE tin padgntgekiae: in! 7: 
Ps se he eee tS [.vlssee sptrboog ovew. banebe os P | 
i 7 

SI eT PAI GEseioy tuo brs Potlhgiets on a7 cane = oidis ae | 
tog > wel 4a L » «eapene akey be iaye! hive | 5 | 
ae0puceiie baa: racols s44 aphids: wii obs: oat 
= 

chu marenl eekad Behe bts s sail at : 1 


oy 








107 


lee slope and the speed of the upper fvow see. the farther 
and faster the stretching of the air column, the greater the 
production of VOR Uy = This might explain the observed 
frequency distribution of lee cyclogenesis in the Canadian 
Rockies where the highest frequency maximum occurs in the 
lee of the highest range, and the lowest maximum in the lee 
of the lowest mountain range. However, other factors may 
also influence the observed distribution. Thus the strength 
and position of the westerlies vary with season, and the 
frequency of strong southwesterly winds with jet maxima is, 
in the mean, less over the Mackenzie Mountains than over the 


two more southerly ranges. 


The determination of the intensity and intensification 
of a cyclone is a difficult problem. One way of measuring 
intensity is to use the central pressure value and its 
variation with time as a measure of intensification. This 
is not very satisfactory, since it is based on only one 
estimate of the central value, and thus cannot give an 


adequate picture of the flow pattern around the low. 


Another way of determining the intensity and intensifi- 
cation is to use the Laplacian of the pressure field, as 
noted in section 3.4. This method is better, since aba 
involves five measurements and gives some indicat OneOremsLie 
flow pattern around the low. The intensity calculated by 
this method is to some extent a function of the grid size 


and orientation of the grid. It can work well but is 
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dependent on the area covered by the cyclone. 


A method which includes some measure of the area 
covered by the cyclone would likely serve to describe the 
characteristics of a system more satisfactorily. In the 
present study, cyclones were classified by the product of 
the intensity (as determined by the Laplacian) and the 
number of closed isobars around the low. In practice, this 
is sometimes difficult, because the isobars may, on 
occasion, meander far from the center of the low, and become 


associated with a neighbouring systen. 


When a cyclone develops rapidly, it probably does not 
matter greatly which method of measuring intensity, is used, 
but in less clear-cut cases of development, the result 
obtained will depend on the method used. In many cases, it 
nae found that the intensification as determined by one 
method would be of opposite sign to that determined by the 
other method. A more objective method is required to 
produce consistent results. Any future work on lee 


cyclogenesis should consider this problem in detail. 


The large majority of lows studied belonged to four 
different types of flow patterns, as indicated in Chapter 3. 
The flow pattern which occurred most often was that depicted 
inelilgeeoe ,scthesconftlucntetrougheawithegditfiuence further 


downstream. A surface low was frequently located below the 
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point where confluence changed to diffluence. Thais 
Situation was observed 53 times in the course of this study. 
On most occasions this configuration favoured formation or 
intensification but in a small number of cases, the low 


filled. 


It is quite likely that most lows observed in this 
study behaved in the manner noted by Godske (1957), but it 
waS not always possible to fix the position of the lows 
precisely with respect to the inflection point of the 500-mb 


contours. 


The inflection point is often located above the Contin-~ 
ental Divide, with diffluence downstream, in the lee of the 
mountains. The development of these cyclones follows, in 
essence, the sequence of events described by Palmén and 
Newton (1969) quoted in detail in Chapter 1. In summary, 
the mechanism of such development is thought to be the 
following: air flowing down the lee slope acquires cyclonic 
vorticity due to stretching of the descending column. 
Descent also causes adiabatic warming of the air, and 
produces weak pressure falls at the surface. Intense 
cyclogenesis and development depends, however, on vorticity 
advection and upper-level divergence, and usually commences 


with the arrival of the upper trough. 


The  charactisticsp OLesGroupiybkand 2etlowgpatterns are 
very similar. In both cases, cyclogenesis occurs 600 to 


800km downstream from an upper trough situated along or near 
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the West Coast. Since cyclones form not only under patterns 
of diffluence, but also in regions downstream where conflu- 
ence changes to diffluence, it is not clear that diffluence 
aloft is the predominant factor responsible for development. 
It seems that the cyclonic vorticity generated as the air 
mass descends the lee slope is also important, and contri- 


butes significantly to the total vorticity in the column. 


The application of these ideas to the thickness 
patterns of Sutcliffe's Development Scheme must be done with 
some reservations. The Group 1 flow pattern would appear to 
be some combination of Sutcliffe's diffluent and confluent 
thermal troughs thus making Pbteedprrtircult sto sappy 
Sutcliffe's Development Theory to this flow pattern. The 
Group 2 flow pattern can be likened to the diffluent thermal 
trough. If a wind maximum is associated with a diffluent 
thermal trough then cyclogenesis is favoured at the left 
exit. This, in fact, is what was observed in the majority 


of cases with diffluent contours. 


Petterssen shows that, with a diffluent contour 
pattern, cyclogenesis is expected just downstream from the 
trough line. Both Group 1 and 2 patterns favour cyclo= 
genesis downstream from the trough line, and thus would seem 


to correspond to Petterssen's diffluent troughs. 


The Group 3 flow pattern with an upstream trough and 
downstream ridge is also important, although it occurs 


slightly less frequently than the first two patterns. 
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Riehl et al (1954) states that: 

In cases where the relative vorticity gradient is 

given mainly by the downstream variations of 

curvature, the principal surface-pressure falls 

Should occur in the region where the curvature of 

the streamlines changes most rapidly from cyclonic 

to anticyclonic. This explains the observed 

tendency for cyclones to deepen below inflection 

points downstream from long wave troughs and 
upstream from ridges. The fact that the most 
intense deepening does not always occur exactly 
belowethesintlection tpoint whut ayilittle* distance 
upstream or downstream from it is a consequence of 

the appreciable effects of the shear tern. 

In this study the mean trough-ridge separation was 
1650km while the mean separation of trough and low was 850 
km, at a distance very close to the inflection point. This 
agrees well with the results obtained by other investi- 


gators. 


The favoured location of the Group 3 pattern had the 
trough in the Pacific and the ridge just beyond the 
Continental Divide. As the ridge moved east of the 
mountains, cyclogenesis occurred. With the passage of the 
ridge over the Continental Divide, the flow became diffluent 
and southwesterly. These two factors, as noted earlier, 


appear to be very important for the process of cyclogenesis. 


Several other factors were noted about this flow 
pattern. It was found that intensification took place three 
times as often as dissipation when the trough-ridge 
separation decreased. For the trough-ridge separation to 


decrease the trough is probably "digging" and it is well- 
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known that digging troughs favour cyclogenesis. A similar 
situation was observed for the trough-low separation. When 
the trough-low separation decreased, intensification took 
place twice as often as when the trough-low separation 
increased. This again indicates the importance of the 


trough in lee cyclogenesis. 


Petterssen (1956) states that, with confluence between 
trough and ridge, cyclogenesis should occur just ahead of 
the ridge. In this study, cyclogenesis was observed to 
occur with confluence on only a few occasions and never very 
close to a ridge. Petterssen also notes that, with dif- 
fluence between trough and ridge, cyclogenesis is favoured 
just downstream from the trough. While cyclogenesis did 
occur downstream from the trough line, it did not usually 


occur very close to the trough line. 


Application of Sutcliffe's Development Theory to the 
Group 3 flow pattern was difficult since Sutcliffe only 
considers individual troughs and ridges, but not their 


combined effects. 


Polster (1960) considered the Group 4 pattern of a 
ridge with diffluent flow upstream to be quite important to 
cyclonic development. Approximately 20% of the cyclones 
surveyed in the course of the present study were formed in 
close proximity to, but upstream from an upper ridge. 
Frequently the ridge had just passed the Rocky Mountains; in 


this respect the pattern was similar to Group 3 where a 


Sy Lal une 
ary es th 


i f ‘ ™“ ; 
sera ‘= Fan ohh deo 9a | ore 
iet ‘ Sa ey q wutat : bal hater i 
got iLuyes edger tel ~savoTt va 10% sell 












il 















| $e: no darenss os eete Ril eth ‘gal rte.) 7 
jes AE eypes wo, ones? Ae? eeoictln oo’ 4 ive La votes ea! 
>) tn sodetgtqel et) geek SEepe abate sbenawrth 

aaliaeid pasos uel oP dobaatl 


= 


suguitaon Wale «see ~ init ag (heer) pare 
your Biogen v bbianinte tne! Loree ae dgooss: 
c ateunetpivye viet ming ai:, phx aad = 


z , “7 Hon SQ0SSSIGRe4 a2 ms ¥ Cart rn acral Trig aiw dese 7 ¥ 


ie gesor tet ecnebenes Cs saghix # OF ‘ane ae 
me ,) . - : 
loys! spike roan ae sae “tesv ied saoanendt® : 


Sarit iy pies? o4¢9 eoak sseeeeavob j 





2 ae 
Vey Sf gOiel mheperae eu iOo23 “aap02 aemb <saee . 
202% slgereas oes od opis bead ‘swORe a 


a 


ee 7 


. ; fi Preys st hes nee sel toktevttgad oes 
{ine NS Hates sonic Stars aie Raia A He 
7 F 3415 n Vaal -<VDRLS ae» | gules ait beech ELOVaS 10: an : 
_—— SRLGE ae is 


‘ 
LF 







= > 2 - i bai as 
f 20 WE ashes 4 Agoe 1s yuna F hota 4, + ~ 
z 


oF rns onl inal sl ads wis ed aR. be 
ge She c ) 


a { - 


143 


trough-ridge system straddled the mountains. The Group 4 
pattern iS similar to Sutcliffe's diffluent thermal ridge. 
Sutcliffe assumes a wind maximum to be present and then 
cyclogenesis is favoured at the left entrance to the ridge. 
Wind maxima were not necessarily required here but 
cyclogenesis did occur upstream from the ridge. me eh 
difficult to reconcile this pattern with Petterssen's ridge 
pattern which favours cyclogenesis upstream from a confluent 
ridge. In this study, no cyclogenesis whatsoever was 


observed upstream from a confluent ridge pattern. 


zt 


Although there is some agreement between Sul el aotes 
thickness patterns and the contour patterns examined in the 
present context, a suitable test of Sutcliffe's Development 
Theory would have to be based on an objective analysis of 


thickness data. 


(Ca) 
It 
VO 
io 
1A 
Kk 
1a 
ti 
Ig 
{oO 
fe] 
10 
iM 
I: 
ta) 
1m 
te) 
§qu 
{fo} 
fo 
fo 
@) 
Lm 
= 
‘a 
i=] 
Qu 
= 
sev) 
x 
4 
=| 
o 


It was difficult to determine the precise position of 
the 500-mb wind maxima because of the sparsity of data and 
various inconsistencies in the map analyses. Moreover, as 
noted earlier, these wind maxima are not of the same 
strength and character as the true jet-—stream cores 
encountered near the tropopause. With these reservations, 
it was found that three out of four cyclones were located at 
either the cight entrance or left exit of wind maxima. 


According to Reiter (1963), these are the preferred 
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positions of cyclones with respect to wind maxima for 
intensification. However, being in these preferred 
positions did not necessarily mean that intensification took 
place. Pressure falls in excess of 8mb in 12 hours would 
denotemtatriysrapideintensitication.*°in-all» eight Vof =the 
cases where such deepening occurred, the low was situated at 


the left exit of the wind maximun. 


It would appear from these results that cyclogenesis 
can occur with or without the presence of wind maxima (see 
Casceecewote Chapter 84) However, rapid intensification 
Bequrrvesmthatethesecycione betat?ther left exit tof "ar wind 
maximum. The five lows which formed at the right exit of 
cyclonically-curved wind maxima support Riehl's hypothesis 
thatceetnemeright Gexiteeise’a favoured! place for the initial 


formation of cyclones. 


It is well known that wind maxima can play an important 
role in cyclogenesis. However, it is also apparent that the 
effects of diffluence and orographic vorticity are: of at 
least similar importance in the formation and development of 


lee cyclones. 


In Chapter 2 it was stated that perhaps the single most 
important factor in lee cyclogenesis is the divergence. 
According to Scherhag (1934), a large value of divergence at 


500mb indicates that cyclogenesis is almost certain to 
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OCcCcuL. But since there is no one-to-one correspondence 
between divergence and diffluence, this is not generally 
true even for flow patterns with marked diffluence. 
Diffluence per se is not sufficient cause for development. 
This is clearly brought out on the scatter-diagram plots of 


diffluence versus intensification. 


For every diffluence calculation, four height readings 
are required. Great care was exercised in taking these 
readings as the calculations involve taking the differences 
of large numbers, giving results prone to large errors. 
Since the data were of nearly the same magnitude, the 
differences could be abstracted and checked very quickly. 
It is possible to make errors of the order of 10 meters in 
calculating the differences. This corresponds to an uncer- 
edinty mei nee thoeedicrluence = of some | 1055 secat, Thar ela 
absolute error of the same order of magnitude as the results 
themselves. However, in most cases, the errors were much 
smaller than this and should not seriously affect the 


results. 


All five scatter diagrams have much in common. They 
show that diffluence occurs over the Rockies with 80% of the 
cyclones considered. In chapter 3, it was shown that the 
mean flow over the Rockies is diffluent. Hence it is not 
too surprising that the flow associated with individual lows 
is also diffluent. But this does not prove, of course, that 


diffluence is a necessary and sufficient condition for 
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cyclogenesis. 


The scatter diagrams show only that diffluence aloft is 
associated with intensification for almost half of the time. 
Several autnousme (cage, eechung, 861972) have Sstated=ethat 
diffluence favours intensification without giving a quanti- 
tative estimate of this relationship. The results of this 
study indicate Sees GN relationship is quite complex: e.g. 
diffluence is also associated with dissipation about one- 
third of the time, a rather high value. Moreover, although 
confluence occurred with only 20% of the cyclones examined, 
it was associated almost equally with intensification and 


dissipation, a surprising result. 


The average magnitude of diffluence (8.4x10-® sec~!) 
associated with lee cyclones is almost twice as large as the 
average magnitude of confluence (4.3x10-® sec~!). These 
values are both much larger, respectively, than the 
diffluence (2x10-6 sec~1!) and confluence (1.3x107° sec~!) 
values determined for the mean flow. The average value of 
diffluence associated with cyclones is almost the same as 
Petterssen's (1956, p.293) value of divergence (8x10-¢ 
sec-1) required for development of a "medium synoptic motion 


system", 


The mean values of diffluence associated with 
intensification and dissipation are equal (8.4x10-® sec~!) ; 
this strongly suggests that diffluence is not the sole cause 


of lee cyclogenesis. The mean value of confluence 
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associated with intensification (4.3x10-6 sec~!) is smaller 


than that associated with dissipation (5.6X10-® sec~!). 


The results for the original sample, May - October, 
1973, were consistent with those of the test sample, 
November, 1973 - April, 1974. Since winter-time cyclones 
frequently are much more intense than summer-time cyclones, 
it was thought that there might be a seasonal variation of 
diffluence and lee cyclogenesis. However, the results 
obtained for the summer and winter samples are very similar, 
suggesting that the seasonal variation of diffluence and lee 


cyclogenesis is small. 


These results are somewhat at odds with what other 
investigators have found. Thus Scherhag (1934) states that 
diffluence is a necessary and sufficient condition for 
development. In the present context, this could indicate 
one or both of two things: 1) the mountains play an 
important role in overcoming the effects of diffluence or 2) 
the 500-mb level is not a suitable level for the 
determination of diffluence. Giese kelys that bothmot 


these factors may have a bearing on the problen. 


The production and destruction of vorticity during 
ascent and descent of the mountains must, on occasion, be 
sufficient to overcome the effects of diffluence in the 
upper troposphere. It is known that the atmosphere must 
contain at least one level of non-divergence. In the free 


atmosphere, the level of non-divergence is usually found 
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near 600mb, on the average. Over mountainous terrain, the 
level of non-divergence may well be higher, and perhaps 
close to the 500-mb level!. If the divergence near 500mb is 
small and of uncertain sign, then it is quite probable that 
the 500-mb diffluence is also small and uncertain. Hence it 
is likely that the 300-mb level would be more suitable for 


the study of diffluence. 


While the Rocky Mountains appear largely responsible 
for diffluence of the contours, and diffluence may be 
Crucial in many cases of cyclogenesis, the atmosphere 
interacts with the mountains in many ways. The production 
and dissipation of vorticity during ascent and descent of 
the slopes is clearly of great importance, and may often 
outweigh the effects of diffluence. It would be desirable 
and of considerable interest to determine numerically the 
amount of vorticity produced at several levels during a 
traverse of the mountains, and compare it to the enn of 
diffluence present at the same levels. This would allow an 
assessment of the relative importance of these two 


parameters on cyclogenesis. 


Since a study of diffluence at 500mb is open to 


question, it is suggested that future studies be carried out 





1 The basis of many numerical prognostic charts is that the 
vorticity equation be applied at the level of non-divergence 
taken to be at 500mb. 
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at the 300-mb level. Moreover, because of the uncertainties 
involved in the present diffluence calculations, future 
effort should be directed toward the objective determination 
of Ree recnce It should be possible to determine 
diffluence numerically from grid point data and print out 
fields of diffluence. This would seem to be far superior to 


the methodology employed in the present study. 
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APPENDIX 


TABLE 2 Summary of all the lows considered in this study. 
A is the date of appearance of the surface cyclone either at 
the West Coast of North America or by cyclogenesis in the 
lee of the Rocky Mountains. B is the date of disappearance 


of the surface cyclone either by advection from the area of 


S—-Strong. 


interest or by dissipation. 
Chapter 3. 


Junei8s, 
June22, 
June26, 
June29, 
June30, 
JULY 85, 
JUudsyeoy 
Julyi1, 
Julyi4, 
July24, 
AUGeez, 
Auge (2, 
Aug. 5, 
Awgw liz, 
AUQGaI2, 
Aug.13, 
Aug. 1.6, 
Aug.16, 
Alg.13, 
Aug.24, 
Aug.26, 
Aug.27, 
AUGL30, 


M=-moderate. 


June20, 
June26, 
June28, 
July 1, 
July 4, 
July 6, 
Julyes, 
dubyts; 
July18, 
July24, 
Aug. 4, 
Aug. 6, 
Auge 79; 
Aug. 16, 
AUGa to), 
Augie 1, 
AUGioa 17 
Angy 2); 
Auges19, 
AUG e230, 
Aug.29, 
S@p si sh; 
Sep 


Intensity (I) is as defined in 
W-weak. 
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Table 2. Continued: 
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Table 2. Continued: 
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